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ABSTRACT 


The  active  sites  of  CHT-A^  and  CHT-B  have  been  investi¬ 
gated  through  chemical  labelling  techniques  using  bifunctional 
reagents  and  through  the  isolation  and  characterization  of 
segments  of  the  important  active  site  region  in  the  enzymes. 

The  family  of  "serine"  esterases  and  proteases  is 
characterized  by  their  ability  to  react  with  diisopropyl- 
phosphof luoridate  (DFP)  at  a  unique  serine  residue  found  in 
the  sequence  GLY-ASP-SER-GLY.  In  addition  to  serine,  a 
histidine  residue  has  been  repeatedly  implicated  in  enzyme 
catalysis.  Recently,  four  members  of  this  interesting  family 
of  enzymes,  CHT-A^,  CHT-B,  trypsin  and  elastase,  have  been 
demonstrated  to  possess  numerous  structural  homologies. 

The  considerable  homologies  which  exist  in  proximity 
to  the  disulfide  bridges  suggested  that  the  tertiary  structures 
of  the  enzymes  studied  to  date  are  very  similar.  Moreover, 
the  "active"  serine  residue  and  a  pair  of  histidine  residues 
have  been  shown  to  be  closely  associated  with  the  disulfide 
bridges.  Since  the  chymotrypsins ,  trypsin  and  elastase  differ 
in  their  substrate  specificity,  it  appeared  that  the  distin¬ 
guishing  feature  amongst  these  enzymes  was  the  nature  of  their 
substrate  binding  site. 

Pertinent  to  the  present  studies  was  the  role  of  the 
"histidine-loop"  in  the  enzymic  activity  of  the  trypsin, 

CHT-A^  and  CHT-B.  This  structural  feature  has  been  postulated 
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to  be  the  major  (specific)  substrate  binding  site  in  trypsin 
and  chymotrypsin  A^.  Inconsistencies  in  the  hypothesis  and 
earlier  observations  in  this  laboratory  on  the  deacylation 
rates  of  the  chymo trypsins,  prompted  the  elucidation  of  the 
sequence  of  the  "histidine-loop"  in  CHT-B. 

To  facilitate  the  sequence  elucidation  of  this  region, 
a  method  has  been  employed  which  enabled  the  isolation  of 
the  "histidine-loop"  as  an  intact  peptide,  thereby  eliminating 
the  tedious  job  of  isolating  fragments  of  this  region  from 
a  complex  mixture  of  peptides.  The  "histidine-loop",  formed 
by  the  disulfide  bridge  42  to  58,  was  isolated  by  first 
reducing  CHTG-B  with  mercaptoe thanol  followed  by  alkylation  of 
the  sulfhydryl  .groups  with  ethylenimine .  The  newly  formed 
amino  acid  — S-  ( (3- ami  noethyl) -cysteine —  possessed  a  similar 
structure  to  lysine  and  was  therefore  able  to  serve  as  a 
substrate  for  trypsin.  As  a  result,  tryptic  digestion  of 
S-  ((3- ami  no  ethyl)  -CHTG-B  led  to  the  recovery  of  the  "histidine- 
loop"  peptide  through  cleavage  of  tne  bonds  adjacent  to  the 
modified  cysteine  residues  42  and  58. 

Elucidation  of  the  amino  acid  sequence  of  the  "histidine- 
loop"  of  CHTG-B  revealed  that  it  was  strikingly  homologous  to 
the  corresponding  structure  in  CHTG-A  and  trypsinogen.  Varia¬ 
tion  in  the  amino  acid  sequence  and  in  the  nature  of  the  amino 

Given  the  general  substrate  R-CH^-^H-CO-X,  the  specific 

NH 
Re¬ 
binding  site  accommodated  R  through  hydrophobic  bonding, 
whereas  Rl-NH-  is  accommodated  in  the  acylamido  binding  site 
through  a  combination  of  hydrogen  and  hydrophobic  bonds. 
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acid  was  permitted  only  in  a  segment  comprised  of  three 
residues  (48-50)  located  mid-way  between  the  disulfide  bridge. 
The  presence  of  one  and  two  acidic  residues  in  this  segment 
of  CHTG-A  and  CHTG-B,  respectively,  accounted  for  the  hydro¬ 
philic  character  of  the  "histidine-loop"  of  these  enzymes. 

On  the  other  hand,  the  corresponding  structure  in  trypsin 
was  void  of  charged  residues  and  thus  was  predominantly 
hydrophobic  in  nature.  The  hypothesis  that  the  "histidine- 
loop"  was  the  major  substrate  binding  site  was  not  supported 
by  the  present  studies  since  the  nature  of  the  "histidine-loop" 
did  not  complement  the  enzyme  substrates.  It  is  possible 
that  a  portion  of  the  "histidine-loop"  could  comprise  a  segment 
of  the  subsidiary  site  known  as  the  acylamido  binding  site. 
Candidates  for  the  specific  substrate  binding  site  have  been 
proposed  where  homologous,  predominantly  hydrophobic, sequences 
contain  an  acidic  residue  in  trypsin  which  is  absent  in  the 
chymo trypsins .  It  appears  that  the  "histidine-loop"  is 
required  to  maintain  the  proper  stereochemical  relationship 
between  the  two  histidine  residues  in  the  active  site  of  the 
"serine"  enzymes. 

Bifunctional  reagents  have  been  used  to  probe  the 

active  site  of  the  chymo trypsins .  The  reagents  utilized  in 

the  presents  study  possessed  two  functional  groups:  an  aromatic 

moiety  capable  of  being  absorbed  to  the  binding  site  and  a 

of 

reactive  chloromethyl  ketone  moiety  capable  forming  a  covalent 
linkage  with  a  residue  in  the  active  site.  The  inhibition  of 
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CHT-A^  by  the  bifunctional  reagent  L-l-tosylamido-2-phenylethyl 
chloromethyl  ketone  (L-TPCK,  C6H5 .CH2CH (NHS02C7H7) .CO.CH2Cl)  was 
previously  shown  to  be  associated  with  the  loss  of  histidine-57 
present  in  the  "histidine-loop".  In  addition,  the  alkylation  of 
CHT-A4  by  1, 2-epoxy-3-phenoxypropane  (EPOP,  C6H5 . 0 .CH2 =CH ,CH2) 
resulted  in  the  stoichiometric  S-alkylation  of  methionine-192. 

For  the  purpose  of  elucidating  those  parts  of  the  alkylating 
group  responsible  for  directing  the  alkylation  to  a  histidine  or 
methionine  residue,  phenoxymethyl  chloromethyl  ketone  (PMCK, 
C0H^.O„CH2 .CO.CH2Cl)  was  synthesized.  The  D-isomer  of  TPCK  was 
also  investigated  for  inhibitory  capabilities  in  order  to  deter¬ 
mine  the  role  of  the  asymmetric  carbon. 

A  homologous  series  of  aromatic  chloromethyl  ketones 
(C^H^ . [CH2] n .CO.CH2Cl,  a-chloroacetophenone  (CA,  n  =  0) ,  benzyl 
chloromethyl  ketone  (BCK,  n  =  1) ,  and  ^-phenylethyl  chloromethyl 
ketone  ((3PECK,  n  =  2)  has  been  studied  in  an  attempt  to  further 
elucidate  the  structural  requirements  for  histidine  alkylation. 
The  aromatic  moiety  of  the  reagents  was  expected  to  be  bound  in 
a  common  hydrophobic  binding  site  thus  placing  the  reactive 
chloromethyl  ketone  group  at  various  positions  in  the  active  site 

A  detailed  study  of  the  effect  of  pH  on  the  apparent  first 
order  rate  constant  (k^g)  of  inhibition  of  the  chymotrypsins  by 
L-TPCK  and  PMCK  has  been  presented.  The  bell-shaped  curve  ob¬ 
tained  for  the  inhibition  of  CHT-A^  with  L-TPCK  possesses  a  pH- 
optimum  of  7.7  to  8.0  and  was  dependent  on  apparent  pKa ' s  of  6.5 
and  9.0.  The  pH-optimum  obtained  for  CHT-B  inhibited  with  L-TPCK 
was  found  to  be  quite  broad  and  extended  from  approximately  pH 
7.2  to  8„0.  The  curve  was  dependent  on  apparent  pKa 1 s  of  6.3  and 
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9.0.  The  ascending  arm  of  the  bell-shaped  curves,  depicting  the 
effect  of  pH  on  the  rate  of  inhibition  of  CHT-A^  and  CHT-B  with 
L-TPCK,  corresponded  to  a  theoretical  titration  curve,  and  un¬ 
doubtedly  represented  the  ionization  of  the  imidazole  group  of 
histidine-57.  Of  particular  interest  was  the  observation  that 
the  descending  arm  of  the  bell-shaped  curves  (k^g  versus  pH) 
was  dependent  on  a  group  with  apparent  pKa/x/9.  Studies  present¬ 
ed  herein  refuted  the  possibility  that  instability  of  L-TPCK  in 
alkaline  medium  or  the  ionization  of  the  tosylamido  amido  group 
accounted  for  the  decrease  in  inhibition.  It  is  felt  that  the 
ionization  of  the  a-amino  group  of  isoleucine-16,  the  N-terminal 
of  the  E-chain,  has  an  unfavourable  influence  on  the  binding  of 
L-TPCK  to  the  chyrno trypsins  which  results  in  the  observed  decrease 
in  the  rate  of  inhibition.  Support  for  this  theory  was  obtained 
from  a  plot  of  the  calculated  first-order  rate  constant  ^3)  for 
the  dissociation  of  enzyme-inhibitor  complex  (E.I,  CHT-A^.TPCK) 
against  pH.  It  was  observed  that  in  the  alkaline  region  k^, 
which  is  calculated  from  the  apparent  first-order  rate  constant 
(kobs)  an<^  Ki'  remained  relatively  constant  thus  indicating  that 
the  decrease  in  k^g  was  due  to  a  decrease  in  the  affinity  (Kj) 
of  the  chymotrypsins  for  L-TPCK. 

The  ascending  arms  of  the  curves  depicting  the  effect  of 
pH  on  the  rate  of  inhibition  of  CHT-A^  with  PMCK,  BCK  and  f3PECK 
strongly  suggest  the  dependency  of  inhibition  on  a  group  possess¬ 
ing  a  pKa  ^  6.4.  Structural  studies  have  confirmed  the  alkyla¬ 
tion  of  the  imidazole  group  of  histidine-57. 

Studies  on  the  effect  of  pH  on  the  inhibition  of  the 
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chymotrypsins  with  L-TPCK,  PMCK  and  (3PECK  suggest  that  the  pKa 
of  the  "active"  histidine-57  in  CHT-B  may  be  lower  than  the 
corresponding  residue  in  CHT“A4„ 

The  rate  of  inhibition  of  the  chymotrypsins  by  L-TPCK 
was  in  agreement  with  earlier  studies  in  this  laboratory  which 
indicated  that  CHT-B  was  more  resistant  to  inhibition  by  di- 
phenylcarbamyl  chloride  (DPCC)  and  DFP  than  was  CHT-A4„  Inter¬ 
estingly,  this  resistance  to  inhibition  was  not  observed  with 
PMCK,  J3PECK  and  BCK.  In  fact,  CHT-B  proved  to  be  more  suscep¬ 
tible  to  these  reagents  than  CHT-A4.  These  studies  suggest  that 
the  two  independent  binding  sites  on  the  chymotrypsins,  namely, 
the  specific  and  the  acylamido  binding  sites  may  not  be  identi¬ 
cal  in  CHT-A^  and  CHT-B.  Since  PMCK,  (3PECK  and  BCK  lack  a  sub¬ 
stituent  which  will  bind  to  the  acylamido  binding  site,  it  has 
been  suggested  that  this  site  in  CHT-B  likely  accounts  for  the 
observed  resistance  of  CHT-B  to  inhibition  by  L-TPCK,  DFP  and 
DPCC . 

L-TPCK  and  PMCK  appear  to  be  true  chymotryptic 
bifunctional  reagents  since  they  did  not  alter  the  activity 
of  trypsin.  Destruction  of  the  tertiary  structure  of  CHT-A4 
prevented  the  alkylation  of  both  histidine  and  methionine. 
Furthermore,  the  inhibition  of  CHT-A4  by  these  reagents  was 
retarded  in  the  presence  of  p-phenylpropionate,  a  competitive 
inhibitor,  thus  indicating  that  the  bifunctional  reagents 
were  combining  in  a  non-covalent  manner  with  the  active  site 
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of  the  chymo trypsins  prior  to  covalent  attachment.  Interest¬ 
ingly,  L-TPCK  and  PMCK  were  found  to  be  capable  of  alkylating 
sub-molar  quantities  of  methionine  when  incubated  with  CHTG-A. 
This  finding  supports  studies  in  the  literature  which  suggest 
that  the  substrate  binding  site  preexists  in  the  zymogen. 

CHT-A^  and  CHT-B  were  found  to  be  irreversibly  inhibit¬ 
ed  by  TPCK  and  PMCK  with  the  accompanying  loss  of  1.0  residues 
of  histidine.  Methionine  sulfone  analyses  conducted  on  CHT-A^- 
TPCK  and  -PMCK  indicated  the  formation  of  approximately  0.4 
residues  of  methionine  sulfonium  salt  in  the  preparations. 
(CHT-B  has  not  been  investigated).  Furthermore,  analysis  of 
CHT-A^  incubated  with  D-TPCK  revealed  thab  only  sub-molar 
quantities  of  methionine  were  alkylated. 

Through  application  of  the  elegant  diagonal  paper 
ionophoresis  technique  developed  by  Dr.  B„S.  Hartley  of  the 
Laboratory  of  Molecular  Biology,  Cambridge,  England,  cysteic 
acid  peptides  containing  methionine  residues  180  and  192,  both 
histidine  residues  (40  and  57),  and  the  "active  serine"  residue 
(195)  could  be  conveniently  isolated  from  a  peptic  digest  of 
native  or  alkylated  chymotrypsins  by  first  subjecting  the 
digest  to  an  initial  ionophoresis  at  pH  6.5  and  oxidizing  a 
side  strip  of  the  ionogram  with  per formic  acid  vapours.  Re¬ 
running  the  oxidized  band  at  right  angles  to  the  original 
ionophoresis,  yielded  the  characteristic  diagonal  peptide  map. 

Those  peptides  not  affected  by  performic  acid  were 
found  to  be  on  a  line  diagonally  across  the  paper.  However, 
those  peptides  which  acquired  a  negatively  charged  cysteic 
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acid  residue  migrated  off  the  diagonal  in  direction  of  the 
anode.  Peptides  were  detected  on  the  diagonal  peptide  map 
by  using  the  c admi urn- n inhydrin  reagent  and  the  specific  Pauly 
reagent  (diazotized  sulfanilic  acid)  for  histidine.  Comparison 
of  the  native  and  TPCK-  and  PMCK-  alkylated  chymotrypsins 
revealed  that  the  Pauly  positive  histidine-57  peptide  on  the 
diagonal  peptide  map  of  CHT-A^  was  replaced  by  a  very  acidic, 
Pauly  negative  histidine-57  peptide  on  the  diagonal  peptide 
maps  of  CHT-A^-TPCK  and  -PMCK.  Amino  acid  analyses  of  the 
acid  hydrolysate  of  the  performic  acid  oxidized  histidine-57 
peptide  from  L-TPCK  and  PMCK  alkylated  chymotrypsins  were 
consistant  with  the  known  composition  of  the  peptide  except 
that  histidine  could  not  be  detected.  Instead,  a  new  peak 
appeared  in  the  vicinity  of  cystine  on  the  amino  acid  analyzer. 
This  peak  has  been  positively  identified  as  3-carboxyme thy 1- 
histidine  by  comparison  with  the  synthetically  prepared 
derivative  on  the  amino  acid  analyzer  and  by  ionophoresis  at 
pH  6.5.  The  formation  of  3-carboxyme thy 1  histidine  in  both 
PMCK-  and  TPCK-  inhibited  chymotrypsins  was  induced  by  a 
performic  acid  rearrangement  of  the  ketone  moiety  of  the 
histidine  derivatives  in  which  the  phenoxymethyl  group  of  the 
L-l-tosylamido-2-phenlyethyl  group  migrates  to  form  an  ester. 
Acid  hydrolysis  of  the  ester  yielded  3-carboxyme thy lhistidine . 
Thus,  it  may  be  concluded  that  the  chymotrypsins  are  inhibited 
by  L-TPCK  and  PMCK  by  virture  of  the  alkylation  of  histidine-57 
at  the  nitrogen  3  position. 

The  particular  methionine  in  CHT-A4  modified  by  these 
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bifunctional  reagents  appears  to  be  residue- 192,  three 
residues  removed  from  the  active  serine  residue-195,  since 
a  basic  methionine  sulfonium  salt  band  was  detected  on  the 
diagonal  peptide  map  of  CHT-A^-PMCK  migrating  in  advance  of 
the  native  methionine-192  band. 

From  a  comparison  of  L-TPCK,  PMCK  and  EPOP  it  is 
possible  to  make  certain  conclusions  concerning  the  relative 
importance  of  their  structural  features  in  determining  the 
site  of  alkylation.  First,  the  asymmetric  carbon  and  the 
tosylamido  group  are  unnecessary  for  alkylation  of  the 
histidine.  However,  if  these  are  present,  then  the  con¬ 
figuration  must  be  of  the  L  form  for  proper  steric  fit. 

Second,  the  replacement  of  the  phenylmethylene  group  of  the 
phenoxy  radical  is  not  effective  in  directing  the  alkylation 
to  the  methionine.  Clearly,  the  major  factor  determining  the 
site  of  attack  is  the  nature  of  the  alkylating  group.  Appar¬ 
ently  the  steric  requirements  for  the  approach  of  an  alkylating 
group  to  the  nitrogen  3  posit  ion  of  histidine-57  are  sufficiently 
restrictive  to  make  reaction  between  an  epoxide  and  the  imidazole 
nitrogen  impermissible.  The  chloromethyl  ketone  derivatives 
meet  these  requirements,  in  whole  or  in  part,  and  alkylation 
occurs . 

c< -Chloroace  tophenone  (CA,  C^H^CO.  C^Cl ,  n  =  1)  and  a 
closely  related  reagent,  anisoyl  chloromethyl  ketone  (ACK,  CH^ • 
O-C^H. • CO* CH0C1)  ,  have  been  shown  by  methionine  sulfone  analyses 
to  alkylate  one  methionine  residue  in  CHT-A^.  No  alteration 
in  the  histidine  was  apparent.  Diagonal  peptide  maps  of  CHT-A4~ 
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CA  and  CHT-A^-ACK  clearly  revealed  the  presence  of  a  methionine 
sulfonium  salt  of  residue  -  192.  No  alteration  in  methionine- 
180  was  observed.  The  reduction  in  enzymic  activity  to  15% 
and  20%  respectively  was  attributed  to  a  marked  decrease  in 
the  affinity  of  the  modified  enzyme  for  the  substrate  ATEE. 

Amino  acid  analyses  coupled  with  the  methionine  sulfone 
analyses  indicated  that  benzyl  chloromethyl  ketone  (BCK)  and 
P-phenylethyl  chloromethyl  ketone  alkylate  both  histidine 
(0.2  and  0.4  residues,  respectively)  and  methionine  (0.3  and 
0.4  residues,  respectively)  in  CHT-A^.  The  residual  activity 
of  CHT-A^  following  inhibition  with  BCK  and  (3PECK  was  found 
to  be  35%  and  2%  respectively  using  a  rate  assay  (ATEE) . 

Diagonal  peptide  maps  of  CHT-A^-BCK  and  CHT-A^-|3PECK 
were  found  to  be  essentially  identical  and  indicated  that 
histidine-57  and  methionine- 192  were  alkylated.  Unlike  the 
Pauly  negative  3-carboxyme thylhis tidine-57  peptides  isolated 
from  L-TPCK  and  PMCK  chymotrypsins ,  a  Pauly  positive  alkylated 
histidine-57  peptide  appeared  on  the  diagonal.  Amino  acid 
analysis  of  this  peptide  isolated  from  CHT-A^-pPECK  failed 
to  reveal  histidine,  but  was  otherwise  identical  to  the  native 
histidine-57  peptide.  A  qualitative  amino  acid  analysis 
revealed  a  new  Pauly  positive  amino  acid  migrating  behind 
alanine  during  ionophoresis  conducted  at  pH  1.8.  The 
modified  histidine-57  residue  was  suspected  to  be  2-  (or  4-) 
hydroxymethylhistidine  formed  as  a  result  of  performic  acid 
rearrangements  of  the  ketone  moiety  of  nitrogen-3  substituted. 
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(3PECK-histidine  or  BCK-histidine  derivative. 

The  loss  in  enzyme  activity  of  CHT-A^  following  the 
alkylation  with  BCK  and  PPECK  cannot  be  completely  accounted 
for  by  the  loss  of  histidine  and  methionine  in  amino  acid 
and  methionine  sulfone  analyses.  It  has  been  suggested  that 
an  additional  group,  possibly  serine-195.,  is  also  alkylated 
by  these  reagents. 

Based  on  the  bifunctional  reagents  studied,  require¬ 
ments  for  histidine  alkylation  appear  to  be  quite  restrictive 
and  depend  on  (1)  the  presence  of  a  chloromethyl  ketone  group 
and  (2)  the  exact  spatial  relationship  between  the  chloromethyl 
ketone  and  the  aromatic'  moiety.  The  precise  relationship 
is  attained  by  the  presence  of  two  methylene  bridges  (L-TPCK, 
(3PECK)  or  a  combination  of  an  ether  linkage  and  a  methylene 
bridge  (PMCK) .  Methionine  alkylation,  on  the  other  hand, 
appears  to  be  non-specific  and  occurs  readily  with  a  variety 
of  reagents  differing  in  the  nature  of  the  alkylating  group 
and  in  the  distance  between  the  aromatic  and  alkylating  group. 
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INTRODUCTION 


Q 

During  the  past  decade,  a  great  deal  of  attention  has 
been  directed  to  the  study  of  proteins  isolated  from  the 
bovine  pancreas  gland.  The  most  definitive  investigations  have 
centered  on  insulin,  ribonuclease ,  trypsinogen  and  chymotrypsin- 
ogen  A  (CHTG-A) .  CHTG-A  was  first  crystallized  by  Northrop  and 
Kunitz  in  1930  (1) ,  and  its  availability  in  recent  years  has 
stimulated  much  of  the  research  directed  towards  it.  Lacking 
the  presence  of  a  prosthetic  group  or  cofactor,  the  biological 
activity  of  chymotrypsin  A^  (CHT-A^)  is  vested  solely  in  the 
amino  acid  sequence  and  the  unique  tertiary  structure  of  the 
enzyme . 

The  rapid  activation  of  CHTG-A  by  trypsin,  enterokinase 
or  pronase,  has  been  demonstrated  to  proceed  through  cleavage 
of  an  arginine-isoleucine  bond  (residues  15  and  16)  to  yield 
the  most  active  form  of  chymotrypsin-CHT-A]_  (8-10)  .  Chymo- 
tryptic  cleavages  at  leucine-13,  to  liberate  a  basic  dipeptide 
ser inyl-arginine ,  and  at  tyrosine-146  and  asparagine-148  to 
liberate  a  neutral  dipeptide  threoninyl-a sparagine ,  yielded 
CHT-A2  and  the  common  CHT-A4,  respectively.  CHT-A4  consists  of 
three  chains  designated  A,  B  and  C  linked  covalently  by  disul¬ 
fide  bridges.  The  short  A  chain  (13  residues)  is  linked  to  the 
B  chain  (130  residues)  by  a  disulfide  bridge  from  the  N-terminal 
half-cystine  to  position-122.  Only  one  interchain  disulfide 
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bridge  joins  the  B  and  C  chains.  Intrachain  disulfide  bridges 
form  the  structurally  important  histidine  loop  and  methionine 
loop  in  the  B  and  C  chains  respectively.  One  additional  intra¬ 
chain  disulfide  bridge  in  the  C  chain  in  conjunction  with  the 
methionine  loop  disulfide  bridge  and  the  interchain  disulfide 
bridge  between  the  B  and  C  chains  form  what  has  been  referred 
to  as  the  "serine  knot"  in  proximity  to  the  active  serine 
residue  (11,12)  . 

An  isozyme  of  CHTG-A,  CHTG-B,  was  first  isolated  by 
Laskowski  in  1946  (2) .  Crystallization  was  achieved  two  years 
later  by  Brown,  Shupe  and  Laskowski  (3) .  Contrary  to  earlier 
reports  (4) ,  CHTG-B  was  found  to  be  present  in  amounts  equal  to 
CHTG-A  (16%  by  weight  of  the  bovine  pancreatic  juice)  (5) . 
Similarities  in  specificity  between  CHT-A4  and  CHT-B  have  been 
shown  to  exist  (6,7) .  Only  recently  has  the  knowledge  of  the 
structures  CHTG-B  and  CHT-B  been  extended  to  permit  comparisons 
with  the  corresponding  A  proteins  (14,17)  . 

Activation  of  CHTG-B  by  trypsin  is  concomitant  with  the 
hydrolysis  of  arginine-15  isoleucine-16  bond  to  yield  CHT-B^ 

(13) .  Subsequent  chymotryptic  autolyses  appear  to  occur  in  the 
vicinity  of  residue  146  (13,14),  and  are  confined  to  the 

sequences  I  I 

I  I 

144  145  146L147  148  149  ^L50  151 
. .THR-LYS-TYR-ASN -ALA-LEU -LYS-THR. . 

N-  and  C-termina.1  analyses  of  the  isolated  B  and  C  chains  as 

well  as  the  isolation  and  sequencing  of  tryptic  and  chymotryptic 

peptides  from  these  chains  has  confirmed  these  sites  of 
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chymotryptic  autolyses  in  chymotrypsin  B.  The  absence  of  an 
activation  peptide  from  the  N-terminal  region  (residues  14  and 
15)  has  been  attributed  to  the  replacement  of  serine-14  by 
alanine  in.  CHTG-B  (14,15)  . 

From  tryptic  and  chymotryptic  digests  of  reduced  and 
carboxymethylated  chymotrypsinogen  B,  of  the  reduced  and 
aminoethyla ted  zymogen  and  of  the  separated  B  and  C  chains  of 
the  reduced  and  carboxymethylated  enzyme,  it  has  been  possible 
to  isolate  and  sequence  peptides  accounting  for  the  entire 
structure.  On  the  basis  of  homologous  sequences  in  chymotryp¬ 
sinogen  A,  these  peptides  were  arranged  to  facilitate  a  compar¬ 
ison  of  the  structures  of  the  two  proteins.  Final  proof  of  the 
sequence  has  been  recently  obtained  through  the  elucidation  of 
appropriate  overlap  peptides.  Of  the  245  residues  present, 
approximately  54  are  different.  Eliminating  different  but 
chemically  similar  substitutions,  for  example,  glutamic  and 
aspartic  acids,  this  number  is  reduced  to  35.  The  majority  of 
these  differences  are  located  as  repeating  groups  in  the  B 
chain  from  residues  77  to  149.  A  concentrated  region  of  amino 
acid  differences  occurs  at  the  points  of  chymotryptic  autolysis 
between  the  B  and  C  chains.  Of  the  total  number  of  differences, 
approximately  40%  involve  charged  residues. 

The  homologous  structures  in  CHTG-A  and  CHTG-B  have 
supported  physical  studies  which  have  compared  the  hydrodynamic 
and  optical  rotatory  dispersion  properties  of  the  two  proteins. 
Similar  tertiary  structures  of  the  zymogens  are  indicated  by 

a 

almost  identical  sedimentation  and  viscosity  parameters  and  by 
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estimates  of  similar  low  helical  content  (20) .  Spectral  changes 
accompanying  the  activation  suggest  only  minor  conformational 
alterations  and  possibly  reflect  the  perturbation  of  a  tyrosine 
residue  (147) „  The  decrease  in  levorotation,  as  shown  in  the 
Moffitt  equation  as  a  difference  in  aQ,  is  felt  to  be  concomi¬ 
tant  with  the  orientation  of  histidine-57  and  serine-195  into 
juxtaposition  in  the  active  sites  of  the  enzymes.  Substantial 
evidence  has  been  obtained  for  CHTG-A  to  suggest  the  preexist¬ 
ence  of  the  specific  binding  site  (18,19)  in  the  inactive 
zymogen . 

Sequence  studies  have  revealed  that  both  CHTG-A  and  CHTG- 
B  probably  consist  of  a  single  polypeptide  chain  of  245  residues 
(11,14) .  These  figures  correspond  to  a  molecular  weight  of 
approximately  25,000  determined  by  physical  techniques  (20) . 

The  marked  contrast  in  the  isoelectric  point  of  the  zymo¬ 
gens  (CHTG-A,  9 0 5  (21) ;  CHTG-B ,  5.2  (13))  can  be  related  to  the 

distribution  of  amide,  acidic  and  basic  groups.  Interestingly, 
the  sum  of  acidic  and  amide  groups  in  the  zymogens  is  identical. 
Deamidation  of  eight  amides  and  the  replacement  of  two  basic 
groups  with  neutral  amino  acids  accounts  for  the  acidic  iso¬ 
electric  point  of  CHTG-B  (20)  . 

The  release  of  the  basic  dipeptide  SER-ARG  during  the 
formation  of  CHT-A4  is  responsible  for  the  decrease  in  the  iso¬ 
electric  point  to  8.0.  CHT-B ,  on  the  other  hand,  has  an  iso¬ 
electric  point  only  0.2  pH  units  below  that  of  CHTG-B.  This 
observation  is  in  accord  with  the  loss  of  sub-molar  neutral  pep¬ 
tides  and  may  be  attributed  to  the  perturbation  of  an  acidic 


residue . 
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The  specificity  of  CHT-B  towards  aromatic  amino  acids 
resembles  that  of  CHT-A40  A  distinguishing  feature  of  CHT-B 
appears  to  be  the  facility  with  which  leucine  bonds  are 
cleaved  (6) .  Both  chymotrypsins  are  capable  of  hydrolyzing 
peptide  bonds  in  a  manner  not  entirely  consistent  with  their 
activity  towards  synthetic  substrates  (22,23).  The  reason  for 
non-specific  cleavages  undoubtedly  resides  in  the  environment 
of  the  susceptible  bond.  The  inherent  tryptic  activity  of  the 
chymotrypsins  is  a  true  property  of  the  enzymes  and  not  a  mani¬ 
festation  of  tryptic  contamination. 

Although  CHTG-B  is  activated  at  a  rate  six  times  greater 
than  is  CHTG-A,  under  rapid  activation  conditions,  the  maximum 
activity  towards  N-acetyl-L-tyrosine  ethyl  ester  (ATEE)  was 
found  to  be  lower  (13) .  The  zero  order  rate  constant  expressed 
as  k1  (meq  substrate/ml  hydrolyzed  per  min.  per  mg  enzyme  nitro¬ 
gen/ml)  was  found  to  be  4.6  for  CHT-A4  and  3.3  for  CHT-B  (129) . 

A  comparison  of  the  second  order  rate  constants  for  the 
reaction  of  diisopropylphosphof luoridate  (DFP)  with  CHT-A4  (317 
/ moles “1sec”1  (24)  )  and  CHT-B  ( 35 /moles-1  sec-1  ( 13)  )  reveals 
the  resistance  of  the  latter  to  inhibition.  By  analogy, 
diphenylcarbamylchlor ide  (DPCC)  and  L-l-tosylamido-2-phenyl- 
ethyl  chloromethyl  ketone  (L-TPCK)  inactivate  CHT-B  at  a  rate 
5-fold  and  2.5-fold  less,  respectively,  than  CHT-A4.  Contrary 
to  this  trend,  phenoxymethyl  chloromethyl  ketone  (PMCK) , 

(3 -phenyl ethyl  chloromethyl  ketone  (pPECK)  and  benzyl  chloro¬ 
methyl  ketone  (BCK)  inactivate  the  chymotrypsins  at  comparable 
rates  (Chapter  III) .  The  rates  of  deacylation  of  trimethyl- 
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acetyl-CHT-B,  cinnamoyl-CHT-B,  and  anisoyl-CHT-B  exceeded  those 
of  the  corresponding  acyl-intermediates  of  CHT-A^ .  These  obser¬ 
vations  must  reflect  subtle  environmental  differences  in  the 
active  sites  of  the  enzymes. 

Much  work  has  been  directed  towards  elucidating  the 
nature  of  the  active  site  of  CHT-A4 .  CHT-B  has  hitherto  only 
recently  received  attention.  The  discussions  to  be  presented 
are  confined  for  the  most  part  to  CHT-A4,  but  a  parallel 
undoubtedly  exists  with  CHT-B  albeit  experimental  evidence  is 
limited. 

Studies  of  CHT-A^  applying  diversified  reagents  and  tech¬ 
niques  have  implicated  the  presence  of  serine,  histidine, 
methionine,  tryptophan  and  isoleucine  at  or  near  the  active 
site.  The  inhibition  of  CHT-A^  by  the  nerve  gas  DFP  was  first 
reported  by  Jansen,  Nutting  and  Balls  in  1948  (25) .  The  inhibi¬ 
tion  was  demonstrated  to  be  stoichiometric  (26)  while  the  isola¬ 
tion  of  phosphoser ine  from  DIP-CHT-A^  supported  the  acylation  of 
a  serine  residue  (27) .  The  particular  serine  residue  involved 

was  identified  in  the  sequence  GLY-ASP -SER-GLY  through  partial 

32 

acid  or  enzymic  hydrolysis  of  DI  P-CHT-A^  (28-31) .  Similar 
sequences  have  been  identified  at  the  active  sites  of  several 
of  the  "serine"  enzymes  which  are  distinguished  by  their  ability 
to  react  with  DFP  (32) . 

Selective  modification  of  residues  directly  associated 
with  the  active  site  of  CHT-A4  or  in  proximity  to  it  has  yielded 
considerable  information  concerning  their  involvement  in 
catalysis.  Compounds  which  have  received  the  most  attention 
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have  been  referred  to  as  bifunctional  reagents,  substrate 
analogue  reagents,  or  pseudosubstra tes 0  The  term  "bifunc¬ 
tional"  denotes  a  molecule  endowed  with  two  separate 
functional  groups  differing  in  their  mode  of  attachment  to 
the  enzyme.  A  common  structural  feature  of  chymotryptic 
reagents  is  the  presence  of  an  aromatic  group  which  is 
capable  of  mimicking  a  substrate  molecule  and  thereby  being 
bound  to  the  enzyme  surface.  Covalent  attachment  of  the 
bound  reagent  is  facilitated  by  a  reactive  moiety  as  the 
second  functional  group.  To  date  the  reactive  moieties 
exploited  have  included  chloromethyl  ketones,  sulfonyl 
chlorides  and  fluorides,  acyl  chlorides,  epoxides,  tosyl  and 
p-nitrophenol  reagents. 

The  term  "bifunctional  reagent"  has  also  been  used  in 

connection  with  reagents  possessing  two  groups  capable  of 

reacting  covalently  with  a  protein  molecule.  Zahn  pioneered 

much  of  the  work  on  this  type  of  reagent.  Studies  on  the 

Zahn  reagents,  p-p ' -dif luoro-m, m 1 -dinitro-diphenyl  sulfone  by 

Wold  (113)  and  1 , 5-difluoro-2 , 4-dinitrobenzene  by  Marfey  et 

al .  (110-112) ,  have  illustrated  the  use  of  these  reagents  in 

establishing  intramolecular  crosslinkages  between  lysine  and/ 

+ 

or  tyrosine  residues „  Recently  diimido  adipimidate  (Cl  H2N  : 

+  — 

C (OCH3) . [CH2] 4-C (QCH3) :NH2Cl)  has  been  suggested  for  the 
elucidation  of  the  three  dimensional  localization  of  amino 
acid  residues  in  proteins  (124) . 

Diphenylcarbamyl  chloride  is  capable  of  inactivating 
CHT-A4  at  a  rate  twice  that  of  DFP  (33) .  The  ease  with  which 
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inactiva tion  occurs  is  attributed  to  the  tenacious  binding  of 
the  phenyl  rings  to  two  independent,  predominately  hydrophobic, 
sites;  the  acylamido  and  the  specific  binding  site  (34-36)  . 
Considering  a  general  substrate  .CONH .CH (R2) .C (0) X,  the 
acylamido  binding  site  accommodates  the  R^ .CONH-substituent 
through  a  combination  of  hydrogen  and  hydrophobic  bonds  (35, 
37,38,39) .  The  purely  hydrophobic  nature  of  the  specific  bind¬ 
ing  site  accommodates  the  R2  substituent  upon  which  specificity 
is  dependent.  The  fact  that  DPCC  is  bound  to  CHT-A4  via  both 
aromatic  rings,  is  shown  by  the  recent  finding  that  N,N-methyl- 
phenyl-carbamyl  chloride  is  an  inferior  inactivator  by  a  factor 
of  approximately  150  (40) .  Erlanger  and  Edel  (41)  have  util¬ 
ized  the  inherent  binding  capabilities  of  the  diphenylcarbamyl 
moiety  in  the  development  of  an  all-or-none  assay  technique 
using  2-nitro-4-carboxyphenyl-N, N-diphenyl  carbamate  as  a 
chromogenic  inactivator.  Inhibition  of  CHT-A4  by  DPCC  is  pre¬ 
sumably  due  to  the  acylation  of  a  serine  residue  (42,43) .  The 
reactivation  of  BPC-CHT-A4  following  exposure  to  nucleophiles 
such  as  isonitrosoacetone  and  hydroxamic  acid  derivatives 
supports  this  view  (33)  . 

Kallos  (44,45)  has  studied  the  effect  of  replacing  the 
ester  moiety  of  a  phenylalanine  substrate  with  an  alkyl  sulfon- 
ylated  primary  alcoholic  group  -  C0H5 .CH2 .CH (NH .R ' ) .CH2O.R  . 
Substrate  analogue  reagents— L-  and  D-phenylalaninol  ditosylate 
(R  and  R'^SC^C-yH-y);  L-  and  D-N-acetyl-phenylalaninol  methyl 
sulfonate  (R=S02CH3  and  R ' =COCH3) — led  to  the  alkylation  of  the 
active  site  of  chymotrypsin  presumably  through  a  nucleophilic 
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attack  on  the  alcoholic  carbon  by  the  active  serine  residue. 

The  suitability  of  the  aryl  sulfonyl  moiety  as  a  leaving  group 
was  in  accord  with  this  postulate.  It  has  been  observed  that 
the  L-isomers  inactivate  CHT-A4  at  a  rate  3-fold  greater  than 
the  D-isomers.  The  mode  of  inactivation,  particularly  of  the 
D-isomers,  has  not  been  reported  to  date. 

Perhaps  one  of  the  most  interesting  reagents  has  been 
advanced  by  Lawson  and  Schramm  (46-48) .  p-Nitrophenyl  bromo- 
acetyl-a-amino isobutyrate  readily  forms  an  inactive  acyl-CHT-A^ 
with  the  simultaneous  release  of  p-nitrophenol .  The  reagent 
had  no  noticeable  effect  on  trypsin,  CHTG-A  or  DIP-CHT-A^. 
Incubation  of  the  bromoacetyl-a-aminoisobutyl-chymotrypsin  at 
low  pH  favors  an  intramolecular  alkylation  of  methionine-192. 
Following  hydrolysis  of  the  acyl-enzyme  bond,  an  irreversibly 
modified  chymotrypsin  possessing  about  20%  residual  activity 
was  formed.  The  decrease  in  activity  was  associated  with  a 
10-fold  increase  in  the  Michaelis  constant.  DFP  was  still 
capable  of  reacting  stoichiometr ically  with  the  modified 
enzyme . 

A  similar  approach  to  enzyme  modification  has  been 
briefly  reported  by  Gold  (49) .  Trypsin  was  rapidly  phosphory- 
lated.  by  ethyl-5-iodopentyl  phosphonof luoride .  Subsequent  incu¬ 
bation  of  the  iodoalkyl-phosphoryl  trypsin  at  pH  8  led  to  the 
loss  of  the  iodine  atom  through  an  intramolecular  alkylation 
with  a  residue  as  yet  unidentified.  The  possibility  of  inter- 
molecular  alkylation  to  form  a  trypsin  dimer  has  been  refuted. 
Chymotrypsin  was  rapidly  phosphorylated  by  the  reagent  but  loss 
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of  the  iodine  atom  was  much  slower. 

Gundlach  and  Turba  (153)  attempted  to  modify  CHT-A4  by 
incorporating  chloroacetyl  and  iodoacetyl  substituents  into 
substrate  and  inhibitor  molecules.  Incubating  N-iodoacetyl-D- 
phenylalanine  methyl  ester  with  CHT-A4  at  pH  7  resulted  in  the 
loss  of  50%  of  the  enzyme  activity  and  was  shown  to  be  assoc¬ 
iated  with  the  modification  of  a  methionine  residue.  The  L- 
isomer  of  the  foregoing  compound  decreased  the  activity  of 
CHT-A4  only  slightly,  whereas  the  corresponding  D  and  L  chloro¬ 
acetyl  derivatives,  iodoacetate  and  iodoacetamide  had  no 
observable  effect. 

Westheimer  jet  _al.  (114,115)  have  developed  a  novel 
method  by  which  an  extremely  reactive  moiety  could  be  generated 
in  the  active  site  of  an  enzyme.  Acylation  of  CHT-A^  with 
p-nitrophenyl  diazoacetate  yielded,  as  the  acyl-intermediate, 
diazoacetyl -CHT-A4o  Subsequent  photolysis  led  to  the  decomposi¬ 
tion  of  the  diazo  group  with  formation  of  a  reactive  carbene 
( E  o CH2 . 0 . CO . CH ; )  .  Although  regeneration  of  enzymatic  activity 
and  the  production  of  glycolic  acid  was  the  predominant  course 
of  the  photolysis ,  O-carboxymethylserine,  O-carboxymethyltyro- 
sine  and  1-carboxymethylhistidine  were  isolated  from  acid 
hydrolysates  of  the  photolysed  acyl-enzyme. 

Numerous  studies  conducted  with  derivatives  of  sulfonyl 
chlorides  and  fluorides  have  demonstrated  unequivocally  the 
essential  role  of  serine  in  chymotryptic  catalysis.  Strumeyer, 

and  Koshland  (50)  inactivated  CHT— A4  with  p— toluenesulf onyl 
(tosyl)  chloride— a  reagent  known  to  selectively  acylate  serine- 
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195  (51)  o  Treatment  of  tosyl-CHT-A^.  with  dilute  base  resulted 
in  the  elimination  of  the  tosyl  group  with  the  formation  of  an 
a,j3-double  bond „  The  anhydrochymotrypsin  so  formed  was  devoid 
of  enzymatic  activity  thus  dispelling  the  belief  that  serine 
was  acting  as  a  scavenger  in  acyl-enzyme  formation  (127,154-155). 
Since  the  dehydroalanine  residue  formed  had  less  "bulk"  than  the 
serine  residue,  the  steric  access  arguments  purporting  that  the 
acylated  serine  sterically  hindered  the  approach  of  substrate  to 
the  true  catalytic  group,  histidine,  were  invalidated  (142) . 

Heavy  atom  labelling  of  the  active  site  of  CHT-A4  has 
been  accomplished  with  pipsyl  chloride  (IC5H4SO2CI)  (51)  and 
p-nitropheny 1-2 -phenyl -2 -me thoxy-1 -mercury 1  chloride  proprionate 
(52) .  The  former  reagent  is  known  to  acylate  the  serine  hydroxyl 
while  the  latter  is  presumed  to  act  in  a  similar  manner.  These 
reagents  have  potential  value  in  crystallography  studies  parti¬ 
cularly  for  an  enzyme  of  known  sequence. 

A  series  of  sulfonyl  fluorides  capable  of  inactivating 
CHT-A4 ,  trypsin  and,  to  a  certain  extent,  acetylcholinesterase 
have  been  reported  by  Fahrney  and  Gold  (53) .  The  most  potent 
tryptic  and  chymotryptic  inactivator  was  found  to  be  phenyl- 
methanesulf onyl  fluoride  (PMSF) .  An  increase  or  decrease  of  one 
methylene  group  separating  the  phenyl  and  sulfonyl  fluoride 
moieties  resulted  in  a  reduction  in  the  effectiveness  of  the 
reagent0  PMSF  has  been  shown  to  react  stoichiometr ically  with 
a  serine  residue  in  CHT-A4  (54,43);  the  rate  of  inhibition  being 
comparable  to  DFP  (53) .  The  markedly  lower  vapour  pressure  of 
PMSF  is  an  inherent  safety  feature  when  compared  to  the  toxic 
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nerve  gas  DFP . 

Many  of  the  reagents  discussed  to  date  inactivate  chymo- 
trypsin  in  an  irreversible  manner;  the  deacylation  rate  of  the 
acyl-CHT-A^  being  essentially  zero  in  the  absence  of  supplemen¬ 
tary  nucleophiles.  An  acyl-enzyme  mechanism,  of  the  form  shown 
below,  was  first  proposed  by  Hartley  and  Kilby  (55)  and  has 
been  supported  by  extensive  studies  recently  reviewed  by  Bender 
et  al.  (56, 57)  . 

Ks  k2  k^ 

E  +  S  - — ES  -  ES'  -*  E  +  P 2 

+?1 

where;  ES  is  the  enzyme-substrate  complex 

ES'  is  the  acyl-enzyme 
Pj  is  the  leaving  group 
and  ?2  is  the  carboxylate  ion  product. 

The  form  presented  for  the  chymotryptic  mechanism  was  first 
suggested  by  the  reaction  with  p-nitrophenylacetate  (NPA)  (55) . 
A  rapid  "burst"  of  p-nitrophenol  (P]_)  followed  by  a  slow  linear 
release  was  indicative  of  an  extremely  fast  acylation  of  enzyme 
(ES1)  followed  by  a  rate  determining  deacylation  reaction 
(i„e.  k2  »  k^) .  The  acetyl-CHT-A4  so  formed  as  the  acyl- 
intermediate  has  been  isolated  at  low  pH  and  the  acetyl  group 
was  found  to  reside  on  the  serine  residue  in  the  sequence; 

GLY-ASP-SER-GLY  (58,59). 

Analogous  acyl-chymotrypsins  were  conveniently  prepared 
from  the  p-nitrophenyl  esters  of  isobutyrate,  trimethylacetate, 
hydrocinnamate  and  hippurate  (60) .  A  study  of  the  deacylation 
rates  revealed  the  stability  of  branched  aliphatic  acyl-CHT-A4 
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derivatives  in  contrast  to  the  lability  of  acyl-CHT-A^  contain¬ 
ing  aromatic  side  chains „ 

Liberation  of  p-nitrophenol  during  the  rapid,  stoichio¬ 
metric  acylation  of  CHT-A4  by  NPA  provided  a  suitable  method  to 
determine  the  concentration  of  active  enzyme.  Adoption  of  this 
technique  for  enzyme  assays  pioneered  the  development  of  what  is 
referred  to  as  "all-or-none"  assays „  Schonbaum,  Bender  and 
Zerner  (61)  were  first  to  employ  imidazolium  compounds  to  an 
"all-or-none"  assay  system  for  CHT-A4.  Cinnamoylimidazole  (Cl) 
was  chosen  since  acylation  proceeded  extremely  rapidly  under 
conditions  where  the  deacylation  of  the  cinnamoyl  -CHT-A4  and 
the  spontaneous  hydrolysis  of  Cl  were  relatively  slow.  The 
absorbance  maxima  of  Cl  and  cinnamoyl -CHT-A4  were  sufficiently 
separated  so  as  to  allow  for  determination  of  the  enzyme  concen¬ 
tration  from  the  decrease  in  Cl  absorbance  at  335  mu  or  310  mu. 
Evidence  suggests  that  the  moiety  acylated  was  the  hydroxy  group 
of  serine  (62) . 

Although  much  of  the  work  with  CHT-A4  has  involved  the 
active  serine  residue,  other  amino  acids,  particularly  trypto¬ 
phan,  isoleucine,  methionine,  and  histidine,  have  been  implicated 
in  the  biological  expression  of  the  enzyme.  Oxidation  of  CHT-A4 
by  horseradish  peroxidase  and  hydrogen  peroxide  caused  a  50% 
reduction  in  esterolytic  activity  as  measured  against  tyrosine 
ethyl  ester.  The  oxidation  of  a  tryptophan  residue  was  suspected 
to  be  associated  with  the  decrease  in  activity  since  no  change 
in  the  histidine  or  tyrosine  content  of  the  enzyme  occurred  (63)  . 
Formation  of  methionine  sulfoxide,  however,  could  have  partially 
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contributed  to  the  loss  in  activity,  Hachimori  et  a_l.  (64,145) 
inactivated  CHT-A4  to  15%  of  the  original  activity  by  oxidizing 
three  tryptophan  residues  with  a  mixture  of  hydrogen  peroxide 
and  dioxane  at  pH  8,4,  The  state  of  other  residues,  particularly 
methionine  and  histidine,  was  not  reported.  The  observation  that 
two  hydrogen  peroxide  sensitive  tryptophan  residues  in  CHT-A4 
were  transformed  into  non-oxidizable  residues  following  inhibi¬ 
tion  of  the  enzyme  with  DFP  was  of  interest.  Several  studies 
have  shown  that  absorption  of  substrate  or  DFP  to  the  binding 
site  of  CHT-A4  causes  spectral  changes  associated  with  the  "bury¬ 
ing"  of  tryptophan  residue^)  (65-68) . 

Neurath  and  Hartley  (69)  have  postulated  the  presence  of 
a  hydrophobic  slit  with  a  narrow  neck  formed  by  two  tryptophan 
residues  in  the  binding  site  of  CHT-A^.  Support  for  their  theory 
was  gleaned  from  studies  with  a  ^-substituted  substrate,  N-acetyl- 
f3(3 '  -dimethyl-L-tyrosine  methyl  ester,  which  was  found  to  be 
completely  resistant  to  chymotryptic  attack  (70) .  The  Km  was 
found  to  be  markedly  increased  when  compared  to  N-acetyl-L- 
tyrosine  methyl  ester  (ATME) .  Replacement  of  the  a-hydrogen  in 
ATME  or  N-acetyl-D-tyrosine ,  with  a  methyl  group,  alters  the  Km 
or  Kj  less  than  an  order  of  magnitude,  but,  for  the  substrate, 
ATME,  such  a  replacement  decreases  the  rate  of  formation  of 
products  by  a  factor  of  10~*  (71)  .  Thus,  an  a-alkyl  substituent 
does  not  suppress  the  binding  (Km)  of  a  substrate  to  the  extent 
that  a  (3 -substituent  does,  but  has  a  drastic  effect  on  the  over¬ 
all  rate  of  catalysis.  Comparison  of  N-acetyl-L-leucine  and 
N-acetyl -L-valine  methyl  esters  indicates  that  the  presence  of 
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an  unsubstituted  f3-methylene  group  causes  a  36-fold  decrease  in 
Km  while  enhancing  the  acylation  rate  constant,  k2 ,  approxi¬ 
mately  30-fold  (72) . 

Recently,  a  highly  selective  reagent,  2-hydroxy-5-nitro- 
benzyl  bromide  (0°-Br),  capable  of  alkylating  approximately  two 
tryptophan  residues  in  CHT-A4,  at  pH  3,  has  been  reported  (73-75) . 
The  reagent  possesses  a  half-life  in  water  of  less  than  30 
seconds  at  pH  5,  25°,  and  appears  to  be  10^  times  more  reactive 
towards  tryptophan  than  water.  The  residual  activity  of  the 
modified  CHT-A^  was,  unfortunately,  not  reported.  0'-Br  is 
capable  of  reacting  with  methionine  but  the  sulfonium  salt  so 
formed  rapidly  decomposes  with  the  regeneration  of  the  amino 
acid.  When  the  reagent  was  incubated  with  a  mixture  of  amino 
acids  at  pH  11,  only  tyrosine  and  cysteine,  in  addition  to 
tryptophan,  could  successfully  compete  with  water  and  OH  ions 
for  the  reagent.  Histidine  did  not  react. 

The  presence  of  tryptophan  residues  in  the  active  site 
was  further  supported  by  the  studies  of  Dixon  and  Schachter  (76) . 
The  rapid  inactivation  of  CHT-A^  in  the  presence  of  ATEE,  or 
other  specific  substrates,  and  hydrogen  peroxide,  at  pH  3.0,  was 
attributed  to  the  oxidation  of  two  methionines,  one  to  two 
residues  of  half-cystine  and  one  to  two  residues  of  tryptophan. 
Nucleophilic  attack  by  hydrogen  peroxide  on  the  acyl-enzyme  was 
suspected  to  yield  a  peracid  which,  being  momentarily  present  in 
the  active  site,  could  oxidize  the  susceptible  residues. 

Although  the  occurrence  of  lysine  and  tyrosine  has  been 
established  in  the  active  site  of  aldolases  (77)  and  carboxypep- 
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tidase  (78) ,  respectively,  their  role  in  chymotrypsin  appears 
inconsequential o  Lysine  residues  can  be  chemically  modified 
without  affecting  the  activation  of  CHTG-A  nor  the  activity 
of  CHT-A4  (79) .  Studies  by  Filmer  and  Koshland  (80)  and  Dube, 
Roholt  and  Pressman  (81) ,  although  contradictory  in  some 
respects,  suggest  that  tyrosine  is  not  directly  involved  in  the 
active  site,  but  may  well  tend  to  stabilize  the  tertiary 
structure.  Chymotryptic  activity  was  unaltered  by  the  intro¬ 
duction  of  four  iodine  atoms,  but  as  the  extent  of  iodination 
increased  to  6.3  atoms,  the  Km  (ATEE)  increased  6-fold  without 
any  change  in  the  Vmax  (80) .  Exhaustive  iodination  led  to  dis¬ 
ruption  of  the  tertiary  structure  and  to  modification  of  histi¬ 
dine,  methionine,  and  tryptophan  residues.  The  tyrosine  most 
rapidly  iodinated  has  been  identified  as  the  C-terminal  residue 
of  the  B-chain  (82,83) . 

An  acidic  group  of  pKa  8.5,  seen  solely  during  acylation, 
appears  to  control  the  activity  and  conformation  of  chymotrypsin. 
The  group  has  tentatively  been  identified  as  the  a-amino  group 
of  isoleucine-16,  the  N-terminal  residue  of  the  B-chain  (84) . 
Acetylated-CHTG-A  in  which  the  N-terminal  half -cystine,  the 
e-amino  groups  of  lysine  and  two  out  of  four  tyrosines  had  been 
acetylated,  was  activated  by  trypsin  in  the  presence  of  indole 
to  yield  an  active  species,  acetylated-CHT-A^ ,  possessing  only 
the  free  amino  group  of  isoleucine-16.  Further  acetylation  of 
N-terminal  isoleucine-16  inactivated  the  enzyme.  A  comparative 
study  of  acetylated  CHTG-A,  CHT-Aj  and  DIP-CHT-A1,  revealed  the 
presence  of  two,  three  and  two  titratable  groups  respectively, 
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in  the  pH  region  6.5  to  108  The  common  groups  titrated  in  all 
three  preparations  were  two  histidine  residues.  The  additional 
titratable  group  (pKa^8.3)  in  acetylated-CHT-A^ ,  which  was, 
interestingly,  absent  in  acetylated-DIP -CHT-A^ ,  has  been  assoc¬ 
iated  with  the  a-amino  group  of  isoleucine.  Additional  support 
was  obtained  from  studies  of  the  pH-dependent  specific  rotation 
[a]^  of  CHT-At  and  acetylated-CHT-A^  in  the  pH  region  7  to  11 
(67,  126) .  The  rotational  change  in  both  cases  accompanied  the 
dissociation  of  a  group  with  pKa  ^8.5.  The  specific  rotation 
of  acetylated-CHT-Aj  at  pH  7.0,  was  essentially  identical  to  the 
specific  rotation  of  acetylated-BIP-CHT-A-^  at  pH  10,  thus 
strongly  suggesting  that  a  protonated  form  existed  in  both  modi¬ 
fied  enzymes  (85-87) . 

A  primary  amino  group  in  the  active  site  of  trypsin  has 
been  demonstrated  by  Hofmann  and  Scrimger  (148)  to  be  indispens¬ 
able  in  the  biological • expression  of  the  enzyme.  The  rapid  in¬ 
activation  of  trypsin  by  sodium  nitrite  at  0°,  below  pH  4.5,  was 
concomitant  with  the  loss  of  the  incorporation  of  DF  P  and  was 
associated  with  the  loss  of  about  one  lysine  residue  and  the  N- 
terminal  iscleucine  residue  in  addition  to  limited  destruction 
of  tryptophan.  The  trypsin  substrate,  benzoyl  arginine  ethyl 
ester,  but  not  the  chymotrypsin  substrate,  ATEE,  protected  the 
enzyme  against  sodium  nitrite  inactivation.  The  potential 
activity  of  trypsinogen  treated  with  sodium  nitrite  was  only 
slightly  affected.  On  the  basis  of  the  pH  dependency  of  the 
inactivation  of  trypsin,  the  electrostatic  interaction  of  the 
primary  amino  group  of  isoleucine  with  a  carboxyl  group  was 
suggested. 
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Substantia  1  evidence  exists  associating  the  thioether 
side  chain  of  methionine-192  with  the  hydrophobic  substrate 
binding  site  (Rp)  on  the  enzyme  surface.  Methionine-192  can 
be  readily  transformed  into  its  sulfoxide  derivative  through 
photooxidation  (80,88,89,156),  or  upon  exposure  to  hydrogen 
peroxide  (76,90,156)  or  NaIC>4  (91,92).  (Methionine-180,  on 
the  other  hand,  remains  unaltered  and  has  been  designated  as 
the  "buried"  methionine.  It  is  this  methionine  which  is 
involved  in  the  "methionine  loop"  of  the  chymotrypsins  (12) .) 
The  resultant  modified  enzyme  shows  a  3-fold  increase  in  the 
Km  for  the  substrate  ATEE  while  no  alteration  in  the  Vmax  was 
observedo  Rate  (or  efficiency)  assays  indicate  that  only  37% 
of  the  original  activity  was  present  whereas  all-or-none 
assays  using  cinnamoylimidazole  (88)  showed  the  enzyme  to  be 
fully  active.  The  insertion  of  a  hydrophilic  methionine  sulf¬ 
oxide  side  chain  into  a  hydrophobic  region  was  thought  to  lead 
to  a  partial  disorganization  of  the  substrate  binding  site. 

Brown  and  Hartley  (42,93)  reported  the  stoichiometric 
inactivation  of  CHT-A4  by  a  series  of  1 , 2-epoxy-3-alkoxy- 
propanes  where  the  alkoxy  group  was  phenoxy , o-nitrophenoxy  or 
a-naphthoxy.  These  bifunctional  reagents  led  to  the  S-alkyla- 
tion  of  methionine-192  likely  through  the  secondary  carbon  of 
the  epoxy  ring. 

The  existence  of  a  histidine  residue  in  the  active  site 
of  chymotrypsin  has  been  repeatedly  implicated,  but  evidence, 
until  recent  years  has  been  circumstantial.  Based  on  pH- 
activity  data  and  dissociation  energy  of  ATEE  and  N-acetyl-L- 
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tryptophan  ethyl  ester  (ATryEE) ,  Cunningham  (94)  and  Cunning¬ 
ham  and  Brown  (95)  have  shown  catalysis  of  the  esters  to  be 
dependent  on  a  group  with  pKa  6.71  and  a  AH  of  ionization  of 
11  kcals/mole.  Hammond  and  Gutfreund  (96)  obtained  a  similar 
pKa  value  (6.85)  from  the  hydrolysis  of  N-acetyl-L-phenyl- 
alanine  ethyl  ester  (APEE)  by  CHT-A4.  The  data  suggested  the 
involvement  of  the  imidazole  side  chain  of  histidine  but  was 
equivocal . 

Evidence  derived  from  photooxidation  studies  also  intim¬ 
ated  the  presence  of  histidine.  In  1953,  Wiel  et  a_l.  (97) 
demonstrated  that  the  inactivation  of  CHT-A4  by  photooxidation 
could  be  ascribed  to  the  oxidation  of  one  of  the  two  histidines 
and  three  of  the  seven  tryptophan  residues.  A  reexamination  of 
CHT-A4  photooxidation  under  different  conditions  by  Koshland, 
Strumeyer  and  Ray  (88)  revealed  the  modification  of  only  a 
methionine  and  a  histidine  residue.  The  rate  at  which  a  histi¬ 
dine  was  destroyed  correlated  well  with  the  reduction  in  enzymic 
activity  as  shown  by  the  all-or-none  assay. 

Until  the  recent  development  of  specific  bifunctional  re¬ 
agents,  alkylation  of  a  histidine  with  l-fluoro-2 , 4-dinitroben¬ 
zene  (FDNB)  was  the  first  study  to  associate  loss  of  activity 
with  a  histidine  modification  (98) .  Close  agreement  existed 
between  the  mole  fraction  of  histidine  reacting  with  FDNB  and 
the  loss  of  esterase  activity  and  DFP  binding  ability.  The  in¬ 
corporation  of  approximately  2.0  moles  of  FDNB  per  mole  of  CHTG-A 
did  not  alter  the  histidine  content  nor  did  it  affect  subsequent 
activation  by  trypsin.  Unfortunately,  the  alkylation  of  groups 

in  addition  to  histidine  in  CHT-A4  reduced  the  significance  of 
the  findings. 
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Labelling  of  the  active  site  of  CHT-A4  with  the  fluores¬ 
cent  dye,  i-dimethylaminonaphthaline-5-sulf onylchlor ide  (Dansyl 
chloride) ,  and  comparing  the  fluorescent  color  to  dansylated 
amino  acids,  led  Hartley  and  Massey  (99)  to  postulate  the 
alkylation  of  a  histidine  residue.  Gundlach,  Kochnec  and  Turba 
(100)  supported  this  interpretation  through  studies  on  diazo- 
tized,  dansylated  CHT-A4.  Coupling  of  diazobenzene  sulfonate 
was  assumed  to  occur  readily  with  free  histidine  but  not  with 
dansyl  histidine.  Subsequent  acid  hydrolysis  of  the  bis- 
derivatized  CHT-A4  yielded  free  histidine  from  the  labile  dansyl 
histidine;  diazotized  histidine  was  stable  under  these  condi¬ 
tions,  The  low  recovery  of  histidine  (0.3  residues  instead  of 
approximately  one  residue)  was  attributed  to  the  alkaline  insta¬ 
bility  of  dansyl  histidine  in  CHT-A4  during  diazotization .  The 
free  histidine,  formed  from  the  decomposition  of  dansyl  histi¬ 
dine,  was  rapidly  diazotized  thus  resulting  in  a  low  dansyl 
histidine  content  prior  to  acid  hydrolysis.  The  lability  of 
dansyl  histidine  at  alkaline  pH  has  been  disputed  by  Staab  and 
Wendel  (125)  through  studies  on  N-benzene  sulf onylimidazole . 
Discussions  on  the  nature  of  diazo  coupling  to  the  imidazole 
nucleus  presented  by  Hofmann  (126)  are  not  in  accordance  with 
the  assumptions  of  Gundlach  et  5lL.  (100)  .  Recent  studies  by 
Gold  (43)  strongly  suggest  that  dansyl  chloride  inhibits  CHT-A4 
by  sulf onylating  the  active  serine  residue.  Treatment  of 
various  CHT-A4  derivatives  (DIP-,  Dansyl-,  PMSF-)  with  2-mer- 
captoethyl amine  led  to  the  formation  of  S-(f3-aminoethyl )  cysteine 
via  displacement  reactions.  The  existence  of  dansyl  histidine 
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was  thought  to  be  the  result  of  nonspecific  sulf onylation . 

Conclusive  evidence  for  the  involvement  of  a  histidine 
residue  in  the  active  site  of  CHT-A4  remained  quite  elusive 
until  a  highly  selective  reagent,  L-l-tosylamido-2-phenylethyl 
chloromethyl  ketone  (L-TPCK)  was  found  to  be  an  irreversible 
inhibitor  of  CHT-A4  (101,102) .  The  inhibition  was  found  to  be 
associated  with  the  loss  of  one  of  the  two  histidine  residues 
upon  amino  acid  analysis  (103,104). 

When  the  writer  began  his  research  in  1962,  the  work  in 
this  laboratory  was  largely  directed  towards  the  characteriza¬ 
tion  of  the  CHTG-B  zymogen  and  its  active  enzyme.  At  this  time, 
almost  nothing  was  known  of  the  primary  structure  of  the  enzyme 
nor  of  the  residues  involved  in  its  catalytic  activity.  The 
description  at  that  time  by  Schoellman  and  Shaw  (101,102),  of 
the  inactivation  of  CHT-A4  by  the  bifunctional  reagent,  L-TPCK, 
offered  an  opportunity  for  the  investigation  of  the  role  of 
histidines  in  the  catalytic  activity  of  CHT-B.  Our  initial 
endeavour,  then,  was  the  synthesis  of  this  reagent  and  a  study 
of  its  reaction  with  CHT-B.  It  was  soon  shown  that  like  CHT-A4, 
the  irreversible  inhibition  of  the  B  enzyme  was  accompanied  by 
the  loss  of  one  of  the  two  histidine  residues  present  in  the 
molecule.  Attempts  were  then  initiated  to  isolate  and  charact¬ 
erize  the  modified  histidine  as  a  peptide  from  proteolytic 
digests  of  the  inhibited  enzyme. 

At  this  point,  the  development  of  the  "diagonal" 
electrophoretic  technique  was  brought  to  our  attention  by  Dr. 

B.  S.  Hartley  of  the  Laboratory  of  Molecular  Biology  at 
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Cambridge,  England.  By  this  method,  it  was  possible  to  isolate, 
in  a  relatively  simple  manner,  sequences  about  the  disulfide 
bonds  of  proteins  as  pairs  of  cysteic  acid  peptides  from  peptic 
digests  of  the  native  proteins.  Utilizing  this  technique,  Brown 
and  Hartley  (93, 132)  were  soon  successful  in  elucidating  the 
disulfide  bridges  of  CHTG-A.  Significantly,  the  cysteic  acid 
peptides  of  CHTG-A  isolated  in  this  way  are  of  particular  inter¬ 
est  since  they  include  those  parts  of  the  primary  structure 
known  to  be  involved  in  the  catalytic  activity  of  the  enzyme^ 

In  particular,  peptides  containing  both  of  the  histidines, 
residues  40  and  57,  serine-195  and  methionine-192  are  easily 
purified  in  this  way»  The  development  of  this  procedure  soon 
led  to  the  identification  of  histidine-57  of  CHT-A^  as  the  site 
of  alkylation  by  L-TPCK  by  Smillie  and  Hartley  (105) ,  and  of 
the  elucidation  of  the  disulfide  bridges  of  CHTG-B  by  the  same 
workers  (17) „  This  latter  work  further  demonstrated  that  the 
two  histidines  in  CHTG-B  were  linked  through  a  disulfide  bridge 
and  that  this  structure  had  an  identical  amino  acid  sequence  to 
that  in  CHTG-A „ 

40  41  42  43  44  45  46 

HIS-PHE-CYS-GLY-GLY-SER-LEU 

I 

S 

I 

S 

I 

ALA-ALA-HIS-CYS-GLY-VAL-THR-THR-SER-ASP 
55  56  57  58  59  60  61  62  63  64 

It  was  clear  from  these  studies  that  the  site  of  alkyla¬ 

tion  of  CHT-B  by  L-TPCK  was  readily  amenable  to  elucidation  by 
these  techniques  and  it  was  soon  demonstrated  to  be  identical 
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with  the  same  residue  in  CHT-A^,  that  is,  histidine-57  (see 
Chapter  IV) . 

From  the  work  of  Smillie  and  Hartley  (16,17) ,  it  became 
clear  that  the  structure  involving  two  histidines  brought 
close  to  each  other  by  a  cystine  bridge  was  common  not  only  to 
the  two  chymotrypsins  but  to  trypsin  and  elastase  as  well.  The 
elucidation  of  the  complete  amino  acid  sequences  of  chymotryp- 
sinogen  A  by  Hartley  (11)  and  of  trypsinogen  by  Walsh  eh  al . 
(149,150)  demonstrated  that  the  near-identity  of  the  sequence 
in  the  region  of  half-cystine-42  and  preceding  half-cystine-58 
extends  to  the  complete  sequence  between  these  two  ha  If -cystines 
in  what  may  be  called  a  "histidine-loop" . 

The  importance  of  this  "histidine-loop"  structure  as  a 
possible  common  hydrophobic  substrate  binding  site  in  the  two 
enzymes  has  been  discussed  by  Bender,  Killheffer  and  Kezdy  (152) . 
This  postulate  is  supported  by  the  observation  that  the  rates 
of  deacylation  of  a  number  of  non-ionic  acyl-chymotrypsin  A4 
and  acyl-trypsin  derivatives  are  essentially  identical  over  a 
10^-fold  range  of  rate  constants  (151)  .  This  kinetic  identity 
must  reflect  an  identical  interaction  of  the  various  acyl- 
groups  with  very  similar  specificity  sites  of  both  enzymes. 

In  this  laboratory,  the  rates  of  deacylation  of  several 
non-ionic  acyl-derivatives  of  chymotrypsin  B  have  been  demon¬ 
strated  to  be  some  4-  to  5-fold  greater  than  the  corresponding 
rates  for  CHT-A^  (13) .  These  observations  immediately  raised 
the  question  as  to  the  nature  of  the  sequence  of  that  portion 
of  the  "histidine-loop"  of  chymotrypsin  B  which  had  not  been 
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isolated  by  the  diagonal  procedure;  namely,  the  sequence  corre¬ 
sponding  to  residues  47  to  54  for  chymotrypsin  A4.  For  this 
reason,  this  worker  undertook  to  extend  the  sequence  analyses 
of  the  "histidine-loop"  of  CHT-B  and  the  results  of  this  study 
are  presented  in  Chapter  II  of  this  thesis. 

Chapters  III  and  IV  of  this  thesis  are  concerned  with  the 
rates  and  site  of  reaction  of  several  aromatic  chloromethyl 
ketone  derivatives  with  the  chymotrypsins .  These  studies  were 
prompted  by  the  findings  in  several  laboratories  (42,48,104-108) 
that  the  reagent  L-TPCK  reacts  apparently  specifically  with 
histidine-57  of  CHT-A4  whereas  a  number  of  other  similar  bifunc¬ 
tional  reagents  alkylate  methionine-192.  In  particular,  the 
work  of  Brown  and  Hartley  (42)  demonstrated  that  l,2-epoxy-3- 
phenoxypropane  (EPOP)  led  to  the  inhibition  of  CHT-A^  by  the 
specific  alkylation  of  methionine-192 „  Because  of  the  similar¬ 
ities  in  the  structures  of  this  compound  and  L-TPCK,  it  was  of 
considerable  interest  to  determine  what  structural  features 
directed  their  point  of  attack  to  one  residue  or  another  at  the 
active  site  of  chymotrypsin.  For  this  purpose,  a  series  of 
aromatic  chloromethyl  ketone  derivatives  related  to  EPOP  and 
L-TPCK  were  synthesized  and  their  inhibition  of  chymotrypsin 


was  studied. 
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II.  SEQUENCE  OF  THE  "HISTIDINE-LOOP"  IN  CHYMOTRYP SINOGEN  B 

1 .  Introduction 

Studies  of  the  structures  of  similar  proteins  from 
different  species  have  led  to  the  elucidation  of  striking  homo¬ 
logies  in  amino  acid  sequence.  One  may  reasonably  postulate  the 
possibility  of  evolutionary  precursors  possessing  similar  essen¬ 
tial  structural  features  for  biological  activity.  A  process  of 
divergent  genetic  alteration  has  been  advanced  to  account  for 
structural  homologies  present  in  haemoglobin  (116-118),  cyto¬ 
chrome  c  (119-121),  and  ribonuclease  (122)  .  Sanger  (123), 
through  a  study  of  bovine,  porcine,  sheep,  equine  and  whale 
insulins,  showed  the  only  discrepancies  in  amino  acid  sequence 
to  occur  between  the  intrachain  disulfide  bridge  in  the  A  chain. 
It  was  suggested  that  this  region,  consisting  of  only  three 
amino  acids,  was  not  required  for  biological  activity.  Struct¬ 
ural  homologies  between  yeast  and  horse  heart  cytochrome  c  have 
been  presented  by  Horinishi  et  a_l.  (128)  .  Identical  positioning 
of  three  histidine  residues  relative  to  the  heme-linked  cysteine 
residues  has  implicated  these  structures  as  being  essential  for 
biological  activity,  showing  a  remarkable  preservation  from 
bacterial  through  to  mammalian  systems. 

In  general,  homologous  regions  in  proteins  represent 
structures  which  are  likely  to  be  an  absolute  requirement  for 
biological  activity,  and  thus  have  been  preserved  through 
successive  mutations.  A  mutation  in  these  essential  structures 
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would  be  considered  lethal,  thus  terminating  the  unproductive 
species.  However,  mutations  could  freely  occur  in  regions  not 
contributing  significantly  to  biological  activity. 

The  existence  of  homologous  regions  in  proteins  could 
also  be  due  to  a  convergent  evolutionary  process  whereby  the 
common  structural  features  now  present  were  independently  con¬ 
ceived.  Only  through  the  existence  of  very  extensive  homolo¬ 
gies  could  a  convergent  genetic  pathway  be  rejected. 

An  alternative  approach  to  the  study  of  protein  homolo¬ 
gies  is  to  consider  different  proteins  from  a  single  species. 
The  "serine"  esterases  and  peptidases,  distinguished  by  their 
ability  to  react  with  the  nerve  gas  diisopropylphosphorof luor i- 

date  (DFP)  at  a  unique  serine  residue  in  the  active  site,  lend 

32 

themselves  to  such  a  study.  Through  the  use  of  labelled  DF  P 
and  mild  acid  or  proteolytic  hydrolysis,  active  centre  peptides 
were  isolated  and  a  common  sequence  was  established  as  GLY-ASP- 
SER-GLY  in  trypsin  (130),  CHT-A4  (30,31,134),  CHT-B  (14), 
elastase  (135)  and  thrombin  (136) . 

Subtilisin  is  an  excellent  example  of  convergent  evolu¬ 
tion  since  it  is  capable  of  being  inhibited  by  DFP  but,  unlike 
the  other  "serine"  enzymes,  it  does  not  possess  disulfide 

bridges.  The  sequence  around  the  active  serine  has  been  estab- 

P 

lished  as  THR-SER-MET-ALA  (137)  .  Interestingly,  subtilisin  is 
capable  of  being  acylated  by  a  chymotryptic  reagent,  indole 
acryloylimidazole  (138). 

The  sequence  surrounding  the  active  serine  in  liver  ali- 
esterase  (139)  and  pseudocholinesterase  (140)  is  similar  to 
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37  38  39  40  41  42  43  44  45  46 

Bovine  CHT-Aa  Thr  Gly  Phe  His  Phe  Cys  Gly  Gly  Ser  Leu 

I 

S 

I 

S 

I 

Val  Thr  Ala  Ala  His  Cys  Gly  Val  Thr  Thr  Ser  Asp 

53  54  55  56  57  58  59  60  61  62  63  64 


Bovine  CHT-B  His  Phe  Cys  Gly  Gly  Ser  Leu 


S 

! 

Ala  Ala  His  Cys  Gly  Val  Thr  Thr  Ser  Asp 


Bovine  Trypsin 

Asn  Ser  Gly  Tyr  His  Phe  Cys  Gly  Gly  Ser  Leu 

S 

I 

S 

I 

Val  Ser  Ala  Ala  His  Cys  Tyr  Lys  Ser  Gly  lie  Gin 


Porcine  Elastase  Ala  His  Thr  Cys  Gly  Gly  Thr  Leu 

I 

S 

i 

s 

I 

Thr  Ala  Ala  His  Cys  Val  Asp  Arg  Glx 


Figure  1.  The  amino  acid  sequences  of  di-histidine  cystine 
peptides  of  bovine  CHT-A4,  CHT-B,  trypsin  and 
porcine  elastase. 


(Smillie  and  Hartley  (16) ) 
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other  "serine"  enzymes  in  that  the  aspartic  acid  residue  is 
replaced  by  glutamic  acid  in  an  otherwise  identical  sequence. 

Additional  similarities  of  structure,  particularly 
between  trypsinogen  and  chymotrypsinogen  A,  did  not  come  to 
light  until  a  few  years  later  during  studies  by  Hartley  et.  al . 
(11,12,131),  Kiel  et  al.  (133),  and  Walsh  et  al.  (149,150). 
Application  of  the  "diagonal"  technique  of  Brown  and  Hartley 
(132)  to  the  "serine"  enzymes — CHT-A^,  CHT-B ,  elastase  and 
trypsin— has  led  to  the  isolation  of  cystinyl  peptides  contain¬ 
ing  numerous  homologies  (12,16) .  Comparison  of  the  di-histidine 
cystine  peptides  is  presented  in  Figure  1.  It  is  noteworthy 
that,  in  the  enzymes  studied,  two  histidine  residues  (histidine 
40  and  57)  are  found  in  identical  spacial  relationships  to  each 
other.  Moreover,  it  has  been  demonstrated  that  the  specific 
alkylation  of  hist.idine-57  in  CHT-A4,  by  the  bifunctional  re¬ 
agents  L-TPCK  (104)  and  PMCK  (109) ,  and  in  trypsin,  by  L-l- 
chloro-3-tosylamido-7-amino-2-heptanone  (L-TLCK)  (143),  was 
concomitant  with  the  loss  of  biological  activity. 

The  extensive  homologies  which  surround  half-cystine-42 
and  precede  half-cystine-58,  end  abruptly  at  residue-59.  This 
appears  to  be  quite  significant  since  Hartley  (11)  has  shown 
that  half-cystine  residues  42  and  58  in  CHT-A4  form  what  has 
been  referred  to  as  a  "histidine-loop" .  A  similar  structure 
has  been  shown  to  exist  in  trypsin  by  Walsh  et  ^_1.  (149,150)  , 

thus  suggesting  that  a  "histidine-loop",  maintaining  two  his¬ 
tidine  residues  in  a  specific  orientation  to  each  other,  may 
be  a  common  structural  feature  in  the  "serine"  enzymes  as  has 
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Figure  2.  The  amino  acid  sequence  of  the  "histidine- loop"  of  CHT-A^  and 
trypsin  (Hartley  (11),  Walsh  and  Neurath  (150)  ). 
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been  shown  to  be  the  case  for  the  GLY-ASP -SER-GLY  sequence. 

The  amino  acid  sequences  of  the  "histidine-loop "  in  CHT-A4  and 
in  trypsin  are  compared  in  Figure  2. 

Bender,  Killheffer  and  Kedzy  (151,152)  have  been 
impressed  with  the  structural  homology  within  the  "histidine- 
loops"  of  CHT-A^  and  trypsin  and  suggest  that  the  hydrophobic 
residues  between  half-cystines-42  and  -58  might  contribute  to 
a  common  binding  site  in  chymotrypsin  and  trypsin.  Such  a 
common  hydrophobic  binding  site  in  these  enzymes  is  supported 
by  kinetic  evidence.  Thus  Inagami  and  Sturtevant  (157)  demon¬ 
strated  that  trypsin  catalyses  the  cleavage  of  certain  aromatic 
substrates  and  that  this  activity  is  an  intrinsic  property  of 
trypsin  itself.  Further,  the  recent  finding  of  Inagami  and 
Murachi  (158) ,  of  Inagami  (159) ,  and  of  Mares-Guia  and  Shaw 
(160)  indicate  that  the  specificity  site  of  trypsin  is  composed 
of  both  an  anionic  site  and  a  hydrophobic  slit  or  crevice  to 
which  the  carbon  side  chain  of  substrates  or  inhibitors  is 
bound 0  The  rates  of  deacylation  of  a  number  of  non-ionic  acyl- 
chymotrypsin  Aa  and  trypsin  compounds  have  been  demonstrated  to 
be  essentially  identical  over  a  105-fold  range  of  rate  constants. 
This  kinetic  identity  presumably  reflects  a  similar  interaction 
of  the  various  acyl-groups  with  very  similar  specificity  sites 
of  both  enzymes  0  The  suggestion  by  Bender  et  al .  (152)  that 

this  common  binding  site  is  provided  by  the  homologous  "histi¬ 
dine-loop"  structure  in  both  enzymes  finds  support  from  the 
interaction  of  the  cyclodextrans  (cyclic  polysaccharides)  with 
aromatic  compounds  including  the  chymotryptic  substrate 
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N-acetyl-L- tyrosine  ethyl  ester  (ATEE)  (144) .  It  is  postulated 
that  the  predominately  hydrophobic  cavity  of  the  "histidine- 
loop"  in  CHT-A4  would  be  of  the  proper  size  to  interact  either 
on  the  surface  of  the  loop  or  within  the  cavity,  with  the  aro¬ 
matic  groups  of  chymotrypsin  substrates.  In  trypsin,  of  course, 
some  additional  feature  of  the  site  must  explain  the  ionic  inter¬ 
action  between  substrate  and  enzyme.  Since  such  a  negatively 
charged  grouping  is  absent  in  the  "histidine-loop"  of  trypsin, 
some  other  region  of  the  structure  must  also  be  invoked  in  this 
case. 

An  alternative  view  is  that  the  "histidine-loop"  of 
trypsin  and  chymotrypsin  functions  not  as  a  major  binding  site 
for  the  substrate  but  for  the  maintenance  of  the  exact  stereo¬ 
chemical  geometry  of  the  catalytic  site.  As  alternative  candi¬ 
dates  for  the  hydrophobic  binding  sites  of  chymotrypsin  and 
trypsin,  the  areas  of  sequence  between  residues  95  and  114, 
between  162  and  170  and  between  181  and  194  have  been  suggested 
by  Smillie  and  Hartley  (189) .  These  homologies  of  sequence  are 
accompanied  by  an  acidic  residue  in  trypsin  which  is  absent  in 
chymotrypsin . 

Because  of  the  possible  significance  of  the  "histidine- 
loop"  of  the  proteolytic  enzymes,  either  in  the  capacity  of  sub¬ 
strate  binding  sites  or  for  the  maintenance  of  the  tertiary 
structures  of  their  catalytic  sites,  it  was  considered  of  import¬ 
ance  to  further  elucidate  the  sequence  of  this  structure  in  CHT-B . 
Such  information  would  perhaps  shed  further  light  on  the  import¬ 
ance  of  this  structure  for  the  enzymic  activity  of  the  pancreatic 


proteases . 
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The  “histidine-loops"  in  CHT-A^and  trypsin  were  delin¬ 
eated  by  conventional  techniques  of  overlap  peptides  while  the 
entire  enzyme  or  the  isolated  B  chain  was  under  study.  Such 
an  approach  is  laborious  and  a  multitude  of  peptides  must  be 
examined  before  those  peptides  comprising  the  "histidine-loop" 
could  be  ultimately  sequenced.  A  more  direct  approach  was 
desired  for  studies  on  CHT-B. 

Lindley  (161)  has  described  a  method  by  which  trypsin 
could  be  directed  towards  the  catalysis  of  peptide  bonds 
originally  involving  cysteine  or  cystine  residues.  Aminoethy- 
lation  of  the  sulfhydryl  group  of  cysteine  (free  or  reduced 
cystine)  with  bromoethylamine  produced  a  new  amino  acid, 

S- (P-aminoethyl) -cysteine  ( AE-cysteine) ,  which  was  almost 
identical  to  lysine  except  that  a  methylene  group  at  position 
4  was  replaced  by  a  sulfur  atom. 

H  3n+-ch2 -ch2 -ch2 -ch2 -CH-COOH 

H3N+-CH2-CH2-S-CH2 -CH-COOH 

ik3+ 

Since  the  sulfur  atom  occupies  approximately  the  same  volume  as 
a  -CH2-  group  and  since  the  bond  angles  of  these  groups  are 
similar  (sulfur  -  100°;  tetrahedral  carbon  =  109.5°),  the  modi¬ 
fied  cysteine  residue  could  mimic  lysine  and  thus  pose  as  a 
tryptic  substrate.  Application  of  this  technique  has  been 
reported  by  Hofmann  (162)  and  Jones  (163)  working  with  trypsino- 
gen  and  haemoglobin,  respectively.  During  the  time  attention 
was  being  directed  to  the  "histidine-loop"  of  CHTG-B ,  Smillie 


Lysine 

S- (p-aminoethyl) -cysteine 
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and  Hartley  (16,17)  had  determined  the  amino  acid  sequence 
surrounding  the  disulfide  bridge  (42-58)  which  brings  the  two 
histidine  residues  into  juxtaposition. 


S 

S 

t 

iu^-AEA-H?S-C?S-GLY-VAL-THR-THR-SER-ASP 
55  56  57  58  59  60  61  62  63  64 


A  knowledge  of  the  N-terminal  (residues  43-46)  and  C- 
terminal  (residues  55-58)  sequences  of  the  "histidine-loop" 
(residues  43-58)  was  thus  available.  (See  arrows — ►  ) 

A  method  by  which  the  "histidine-loop"  could  be  iso¬ 
lated  from  CHTG-B  as  a  single  peptide  now  presented  itself. 
The  zymogen  could  be  reduced  using  mercaptoethanol  in  urea 
and  aminoethylated  with  bromoethylamine  (Br .CH^ .NH3+Br  ) . 
S- ((3-aminoethyl)  -chymotrypsinogen  B  (AE-CHTG-B)  would  be  sub¬ 
sequently  obtained.  Digestion  with  trypsin  would  cleave  all 
peptide  bonds  involving  lysine,  arginine  and  S- (|3-aminoethyl)  - 
cysteine  (AE-cysteine) .  The  "histidine-loop"  peptide  could 
be  isolated  intact,  provided  it  was  void  of  lysine  and  argi¬ 
nine.  This  was  true  for  CHTG-A  and  was  likely  the  case  in 
CHTG-B.  The  presence  of  ten  additional  cleavage  points  in 
the  zymogen  would  favour  the  absence  of  large,  insoluble, 
tryptic  "cores",  thus  aiding  in  the  purification  of  the  pep¬ 
tide  sought.  Identification  of  the"histidine-loop"  peptide 
in  the  tryptic  digest  was  facilitated  by  the  presence  of  two 
"handles" —histidine  and  tryptophan — both  of  which  could  be 
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readily  detected  by  color  reactions  (Appendix  B) . 

Theoretically,  the  isolation  of  the  "histidine-loop" 
peptide  from  CHTG-B  appeared  to  be  straightforward  and  few 
obstacles  were  envisaged.  As  the  work  progressed,  it  became 
obvious  to  both  student  and  supervisor  that: 

"o..  the  best-laid  schemes  o'  mice  and  men 
Gang  oft  a-gley, 0 . . " 

To  A  Mouse  -  Robert  Burns . 

2  0  Reduction  and  Aminoethylation  of  Chymotrypsinogen-B 

a  o  Methods 

( i)  Bromoethylamine .Hydrobromide  Procedure 

Chymotrypsinogen-B  prepared  by  the  procedure  of  Enenkel 
et  al .  (141)  was  used  as  the  starting  material  for  the  isola¬ 

tion  of  the  "histidine-loop".  Reduction  of  CHTG-B  (300  mgs) 
was  performed  as  outlined  by  Canfield  and  Anfinsen  (164) .  The 

_  c 

zymogen  (1.2  x  10  moles)  was  added  to  30  mis  of  10  M  urea, 
pH  3.0,  previously  flushed  with  nitrogen,  and  the  solution  was 
allowed  to  remain  at  room  temperature  for  thirty  minutes. 
Following  the  addition  of  500  of  mercaptoethanol  (Eastman 
Organic  Chemicals),  the  pH  was  adjusted  to  8.0  with  6N  NH4OH, 
sealed  under  nitrogen  and  the  solution  placed  at  37°  for  four 
hours.  The  material  was  then  transferred  to  a  centrifuge  tube, 
previously  flushed  with  nitrogen,  stirred  and  precipitated  with 
225  mis  of  ethanol-hydrochloric  acid  (98/2;  v/v)  at  -20°  for 
sixteen  hours.  The  gelatinous  protein  pellet  obtained  after 
one  hour  of  centrifugation  at  9000  rpm  was  quickly  transferred 
to  a  50  ml  beaker  and  dissolved  in  30  mis  of  8  M  urea,  pH  3.0, 
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under  an  atmosphere  of  nitrogen. 

Aminoethyla tion  of  reduced  CHTG-B  was  initiated  by 
introducing  1.23  gms  of  bromoethylamine .HBR  (maximum  50/1 
per  sulfhydryl  group)  (Eastman  Organic  Chemicals) ,  followed 
by  careful  adjustment  of  the  pH  to  8.0.  The  reaction  was 
arbitrarily  carried  out  for  4  hours  at  25°;  1  hour  at  37°, 

and  completed  with  an  overnight  incubation  at  10°.  During 
the  lengthy  alkylation  period,  the  pH  was  periodically 
adjusted  to  8.0  with  6N  NH4OH.  Adjustment  of  the  solution 
to  pH  3.0  followed  by  24  hours  dialysis  against  4x3  litres 
of  10  HCl  at  5°  and  lyophiliza tion,  produced  264  mgms  of 
S- ((3-aminoethyl)  -CHTG-B  (AE-CHTG-B)  in  an  88%  yield.  Amino 
acid  analyses  indicated  a  recovery  of  8.9  out  of  a  maximum 
of  10  residues  (Table  I) .  The  loss  of  two  methionine  resi¬ 
dues  was  confirmed  by  the  presence  of  homoserinelactone — -a 
degradation  product  of  methionine  sulfonium  salts  (Fig.37CH4)  . 

Attempts  to  isolate  the  "histidine-loop"  peptide  from 
AE-CHTG-B  were  largely  unsuccessful,  yielding  minute  quanti¬ 
ties  from  which  only  a  crude  representation  of  the  amino  acid 
composition  was  obtained.  The  difficulties  were  ultimately 
traced  to  the  presence  of  chymotrypsin  in  the  trypsin  digest 
and  instability  of  the  peptide  during  ionophoresis .  A  dis¬ 
cussion  of  the  purification  procedures  will  be  presented  in 
section  4. 

A  review  of  the  mechanism  by  which  bromoethylamine  led 
to  the  aminoethylation  of  a  sulfhydryl  group  indicated  the 
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existence  of  a  cyclic  intermediate,  ethylenimine ,  as  the 
reactive  species  (165,166). 

Rate  determining  steq_  CH9  -  CH2 
Br-CH^-CI^-NH^  (cyclization)  \  /  +HBr 

N 

I 

H 

R-S-CH2~CH9-NH  AE-cysteine 

Fast  z  2 

Raftery  and  Cole  (198)  have  compared  the  reaction  rates  of 
ethylenimine  and  bromoethylamine  with  reduced  glutathione  and 
have  shown  the  former  to  be  60-fold  more  reactive  than  the 
latter.  They  further  indicated,  by  amino  acid  analysis,  that 
exposure  of  the  reduced  B  chain  of  insulin  to  a  100  molar 
excess  of  ethylenimine  led  only  to  the  alkylation  of  cysteine. 
Since  methionine  is  absent  in  insulin,  the  possibility  of  sulf 
onium  salt  formation  was  not  encountered. 

Through  the  use  of  bromoethylamine .HBr  as  the  amino- 
ethylating  reagent,  Br  was  introduced  into  the  medium  to  a 
maximum  concentration  of  0.4  M.  Traces  of  peroxides  or  heavy 
metals  could  initiate  formation  of  free  bromine  which  in  turn 
could  lead  to  deleterious  side  reactions,  particularly  at  the 
tryptophan  residues  (199)  .  Ethylenimine  was  used  as  the  amino 
ethylating  reagent  in  all  subsequent  work  since  the  absence  of 
Br“  and  the  rapid  reaction  with  sulfhydryl  groups  indicated  it 
was  the  preferred  reagent. 

( i i )  Ethylenimine  Procedure 

The  preparation  of  S- (p-aminoethyl) -CHTG-B,  as  outlined 
below,  was  adopted  for  routine  use  in  the  laboratory. 


TABLE  I 


The  Amino  Acid  Composition  of 
S- (B-aminoethyl) -Chymotrypsinogen  B 


Amino  Acid 

Bromoe thy 1 amine 
Preparation 

Ethylenimine 

Preparation 

CHTG-Rd 

CHTG- 

Lysine 

11.3 

10.9 

10.6 

10.9 

Histidine 

2.0 

2.1 

2.0 

2.1 

Arginine 

5.8 

3.9 

5.1 

5.0 

AE-cysteinec 

8.9 

8.3 

— 

— 

Aspartic  Acid 

19.2 

20.8 

19.5 

19.8 

Threonine 

20. 9b 

2  3.6b 

20.3 

22.2 

Serine 

19. 7b 

21. 2b 

20.6 

21.7 

Glutamic  Acid 

17.6 

18.9 

18.5 

19.4 

Proline 

12.5 

11.2 

12.7 

15.1 

Glycine 

22.0 

22.8 

22.4 

23.3 

Alanine 

22 .0a 

22 .0a 

22.0 

23.0 

Half-cystine 

— 

— 

9.5 

9.6 

Valine 

22.5 

22.2 

23.5 

23.9 

Methionine 

2.0 

3.4 

3.8 

3.8 

Isoleuc  ine 

7.7 

7.7 

8.5 

8.3 

Leucine 

17.7 

18.2 

18.6 

18.7 

Tyrosine 

2.9 

3.3 

3.2 

3.3 

Phenylalanine 

6 . 5 

7.8 

6.8 

6.8 

Homoserine  Lactone 

Trace 

Trace 

a.  Arbitrarily  taken  as  22.0  residues 

b.  Not  corrected  for  hydrolytic  destruction 

c.  Integration  constant  46.6 

d.  Data  of  Smillie  et.  (20) 

e.  Data  of  Guy  et  al.  (195) 
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Reduced  CHTG-B  (300  mg  prepared  as  discussed  in  sec¬ 
tion  ( i) )  was  dissolved  in  30  mis  of  8  M  urea,  pH  3.0,  at 
10°  under  nitrogen.  A  calculated  amount  of  glacial  acetic 
acid  (150  pi)  was  added  to  the  solution  prior  to  the  addi¬ 
tion  of  620  pi  of  ethylenimine  (0.4  M,  Matheson,  Coleman  and 
Bell  Co.)  in  order  to  achieve  a  final  pH  near  8.0.  The  use 
of  an  acetate-ethylenimine  buffer  system  near  pH  8.0  ensures 
the  rapid  aminoethylation  of  sulfhydryl  groups  (ratio  of 
ethylenimine/sulfhydryl  of  100/1)  while  preventing  the  alky¬ 
lation  of  a-amino  groups  which  readily  occurs  above  pH  9.0. 
After  allowing  the  aminoethylation  to  proceed  for  one  hour 
at  25°,  the  solution  was  brought  to  pH  3.0  with  6N  HCl  and 
dialysed  for  24  hours  against  4x3  litres  of  10-^  M  HCl  at 
5°.  Lyophil ization  yielded  250  mg  of  AE-CHTG-B  in  84%  yield. 
Amino  acid  analysis  indicated  the  recovery  of  8.3  residues  of 
AE-cysteine.  The  loss  of  methionine  was  substantiated  by  the 
presence  of  homoserine  lactone.  A  comparison  of  AE-CHTG-B 
prepared  with  bromoethylamine .HBr  and  ethylenimine  is  pre¬ 
sented  in  Table  I  and  shows  89%  and  83%  recovery  of  AE- 
cysteine,  respectively.  The  data  indicates  the  aminoethylated 
CHTG-B  preparations  are  similar. 

Clearly,  the  recovery  of  AE-cysteine  from  AE-CHTG-B 
upon  acid  hydrolysis  could  reflect  a  true  measure  of  the 
extent  of  aminoethylation  provided,  however,  that  AE-cysteine 
was  stable  during  the  hydrolysis.  Knowledge  of  the  integra¬ 
tion  color  constant,  used  to  calculate  the  number  of  micro¬ 
moles  of  AE-cysteine,  was  of  vital , importance  in  these  studies. 
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To  eliminate  ambiguities,  AE-cysteine  was  synthesized  from 
L-cysteine  and  ethylenimine  by  the  method  of  Cavallini  _et  a  1 . 

(200)  as  shown  in  Appendix  D.  The  integration  constant  was 
found  to  be  46 . 6  compared  with  51.2  for  lysine.  It  was  found 
to  be  stable  in  6N  acid  at  110°  for  a  minimum  of  72  hours— 
its  stability  being  unaltered  by  the  presence  of  a  protein 
hydrolysate.  Recovery  of  AE-cysteine  from  AE-CHTG-B  was  89% 
and  83%  from  preparations  (i)  and  (ii),  respectively.  The 
latter  figure  is  not  in  agreement  with  the  data  of  Hofmann 
(162),  who  reported  95%  recovery  of  AE-cysteine  from  amino- 
ethylated  trypsinogen.  Several  preparations  of  S-^-amino- 
ethyl-CHTG-B,  using  ethylenimine  as  the  aminoethylation 
reagent,  consistently  yielded  approximately  85%  recovery  of 
AE-cysteine.  The  reason  for  this  discrepancy  is  not  known. 

3 .  Tryptic  Digestion  of  S- (g-aminoethyl) -chymotryp- 

sinogen-B 

a .  Procedure 

Contaminating  chymotrypsin  in  the  trypsin  preparation 
(Worthington,  twice  crystallized  TR836-38)  was  inactivated 
with  L-TPCK  according  to  the  method  of  Kostka  and  Carpenter 

(201)  .  The  tryptic  digestion  of  AE-CHTG-B  was  performed  at 

pH  8.0,  25°,  using  a  Radiometer  Titrigraph  type  SBR2C 

coupled  with  a  Radiometer  TTT-la  titrator.  The  aminoethyla- 
ted  enzyme  (140  mg)  was  dissolved  in  30  mis  of  0.01  M  HCl  by 
stirring  for  one  hour  with  the  aid  of  a  magmix.  A  precipitate 
appeared  near  pH  6  as  the  pH  was  slowly  adjusted  to  pH  8.0  by 
the  addition  of  0.3  N  NaOH.  This  likely  corresponds  to  the 
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isoelectric  point  of  AE-CHTG-B „  Trypsin  (3  mgs;  L-TPCK 
treated)  was  added  as  a  1 %  solution  in  water  to  the  suspension 
and  a  pH  of  8.0  was  maintained  automatically  by  the  addition 
of  0 . 3N  NaOH.  The  precipitate  initially  present  was  solubil¬ 
ized  within  an  hour.  The  progress  curve  of  the  tryptic  diges¬ 
tion  showed  an  initial  rapid  uptake  of  base  followed  by  a 
gradual  tapering  off  in  the  rate  of  hydrolysis.  After  approx¬ 
imately  85%  of  the  tryptic  susceptible  bonds  had  been  cleaved 
(7  hours) ,  the  digestion  was  terminated  by  adjusting  the  pH  to 
3.0.  More  extended  digestion  periods  would  have  only  favoured 
chymotryptic  cleavages. 

b .  Results  and  Discussion 

Early  experiments  on  the  tryptic  digest  (not  treated 
with  L-TPCK)  of  AE-CHTG-B  revealed,  following  pH  6.5  ionophor- 
esis,  two  major  Pauly  bands  (histidine  peptides)  migrating 
rapidly  towards  the  cathode  and  a  weak  Pauly  band  in  the 
neutral  region.  Since  only  two  histidine  residues  existed  in 
the  enzyme,  it  was  optimistically  assumed  that  one  of  the  basic 
Pauly  bands  must  represent  the  "histidine-loop"  peptide.  Puri¬ 
fication  of  the  bands  was  accomplished  with  few  difficulties  and 
amino  acid  analyses  were  performed.  Instead  of  the  intact 
"histidine-loop"  being  present,  only  a  fragment  encompassing 
histidine-57  was  present.  Using  the  studies  of  Smillie  _et  al . 
(16,17)  as  reference,  the  Pauly  positive  peptides  could  be 
identified  as  HIS (40) — PHE-AE.CYS  and  ALA— ALA— HIS ( 57) -AE .CYS . 

The  latter  peptide  was  the  most  basic  and  actually  existed  as 
two  discrete  bands  which  possessed  similar  compositions 
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differing  only  in  the  AE-cysteine  content.  It  is  noteworthy 
that  the  above  peptide  was  later  isolated  from  peptic  and 
chymotryptic  digests  of  the  purified  "histidine-loop"  peptide 
and  was  always  found  as  two  or  three  bands. 

As  was  indicated  above,  a  weak  Pauly  band  was  present 
in  the  neutral  region  and  attempts  to  determine  the  composi¬ 
tion  of  this  peptide  are  presented  in  section  4. 

The  cause  of  the  deleterious  cleavages  was  suspected  to 
be  chymotryptic  contamination  of  the  trypsin.  This  was  veri¬ 
fied  by  Dr.  ArpSd  Fdrka  (working  in  this  laboratory)  during 
sequence  studies  on  peptides  derived  from  a  tryptic  digest  of 
AE-CHTG-Bo  He  isolated  an  acidic,  tryptophan  containing,  pep¬ 
tide  which  possessed  an  amino  acid  composition  not  inconsistent 
with  that  of  the  "histidine-loop"  minus  the  C-terminal  fragment 
ALA-ALA-HIS-AE .  CYS . 

Comparison  of  the  pH.  6.5  ionophoresis  patterns  of  the 
tryptic  digest  using  L-TPCK  treated  and  untreated  trypsin, 
revealed  marked  differences.  Two  new  Pauly  positive  peptides, 
present  in  the  neutral  region  and  at  the  origin,  replaced  the 
basic  peptides  previously  isolated.  A  trace  of  the  ALA-ALA- 
HIS-AE. CYS  peptide  persisted,  indicating  the  presence  of  a 
particularly  CHT-A^  sensitive  bond  in  the  "histidine-loop". 

The  mobilities  of  the  new  histidine  peptides  implied  an 
increase  in  their  molecular  weight.  This,  coupled  with  the 
coincidence  of  a  Pauly  positive  and  Ehrlich  positive  (trypto¬ 
phan  containing)  band  in  the  neutral  region  was  assurance  that 
the  "histidine-loop"  was  now  intact. 
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4 .  Isolation  and  Purification  of  the  "Histidine-Loop11 

a .  Preliminary  Experiments 

Prior  to  the  inactivation  of  chymotrypsin  in  the  trypsin 
preparations,  the  "histidine-loop"  peptide  was  obtainable  from 
the  neutral  band  only  in  minute  quantities.  Utilizing  a 
combination  of  pH  6.5  ionophoresis,  gel  filtration  of  the  pH  6.5 
neutral  band  on  Sephadex  G-25,  and  pH  1.8  ionophoresis  of  the 
Pauly  positive  peaks,  obtained  following  gel-filtration,  an 
amino  acid  composition  of  the  "histidine-loop"  peptide  was 
obtained  which  indicated  minor  differences  from  CHT-A^.  The  data 
is  in  accordance  with  subsequent  analyses  (see  Table  II).  The 
low  recoveries  of  histidine  and  AE-cysteine  are  thought  to  reflect 
degradation  during  the  extensive  ionophoresis  purification. 

Since  sequential  studies  on  the  "histidine-loop"  could  not 
possibly  be  conducted  on  the  material  so  far  isolated,  the  puri¬ 
fication  procedures  were  reviewed.  The  treatment  of  trypsin 
with  L-TPCK  was  undoubtedly  the  most  significant  step  in  the 
purification  procedure  for  the  "histidine-loop"  peptide. 

(i )  Ionophoretic  Purification 

Increased  yields  of  the  "histidine-loop"  peptide  in  the 
neutral  band  indicated  the  possibility  of  using  ionophoresis  as 
the  sole  means  of  purification. 

The  tryptic  digest  (L-TPCK  treated  trypsin)  of  AE-CHTG-B 
(40  mg)  (ethylenimine  preparation)  was  spotted  at  a  concentra¬ 
tion  of  1.0  mg/cm,  21  cm  from  the  anode  on  a  full  sheet  of  What¬ 
man  #3  MM  paper.  Ionophoresis  was  performed  at  pH  6.5,  50  v/cm 
for  70  minutes.  Side  strips  (1  cm)  were  developed  with  ninhy- 
drin,  Pauly  and  Ehrlich  reagents  to  identify  the  various  bands. 
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Three  histidine  bands  were  revealed  by  the  Pauly  reaction — a 
trace  of  a  very  basic  peptide  migrating  behind  lysine;  the 
dominant  "histidine-loop"  peptide  in  the  neutral  region;  and 
a  dominant  peptide,  likely  containing  histidine-40,  remaining 
at  the  origin.  Tryptophan  was  found  to  coincide  with  histidine 
in  the  neutral  region.  Strips  of  the  neutral  region  were  sub¬ 
jected  to  ionophoresis  at  pH  1.8,  70  v/cm  for  35  minutes,  and 
developed  with  the  appropriate  color  reagents.  Once  again  the 
histidine  and  tryptophan  spots  coincided,  while  the  ninhydrin 
map  showed  the  presence  of  at  least  two  peptides  migrating  with 
the  "histidine-loop"  peptide.  The  neutral  band  was  re-run  at 
pH  6.5,  3Kv  for  5-1/2  hours  in  an  attempt  to  remove  these  con¬ 
taminants.  The  "long  6.5"  ionophoresis  improved  the  separation 
of  the  peptides,  but  unexpectedly  led  to  a  marked  decrease  in 
the  intensities  of  the  Pauly  and  Ehrlich  color  reactions.  Pep¬ 
tide  maps  obtained  through  "long  6.5"-1.8  ionophoresis  indica¬ 
ted  only  traces  of  a  Pauly  positive  spot  and  its  corresponding 
ninhydrin  spot  while  evidence  for  tryptophan  was  absent. 

An  unknown  side  reaction,  prevalent  during  ionophoresis 
at  pH  605  and  to  a  lesser  extent  at  pH  1.8,  likely  led  to  an 
alteration  in  the  net  charge  on  the  "histidine-loop"  peptide, 
thereby  decreasing  its  mobility  and  causing  the  peptide  to  be 
spread  over  the  entire  paper.  That  the  site  of  this  side 
reaction  was  the  AE-cysteine  residue  was  supported  by  studies 
on  the  peptic  and  chymotryptic  peptides  of  the  "histidine-loop" 
(sections  5b  and  5c) .  Attempts  to  isolate  the  "histidine-loop" 
peptide  solely  by  ionophoretic  techniques  were  abandoned  in 
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Figure  3.  DEAE-cellulose  chromatography  of  the  tryptic  digest  of 
S- O-aminoethyl) -chymotryp si nogen  B. 
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favour  of  ion  exchange  chromatography  and  gel  filtration. 

(ii)  Chromatographic  Purification 
Ion  exchange  chromatography  in  conjunction  with  gel 
filtration  offers  considerably  greater  peptide  recovery, 
albeit  the  procedures  are  more  time  consuming  and  tedious 
than  purification  using  ionophoretic  techniques.  It  was 
decided  to  adopt  a  procedure  successfully  applied  by  Hartley 
(72)  to  the  separation  of  tryptic  "core"  peptides  from  the  B 
chain  of  CHT-A^.  DEAE-cellulose  (0.9  meq  per  gm)  was  pre¬ 
pared  in  0.02  M  tris-HCl  buffer,  8  M  urea,  pH  8.0.  Prior  to 
use,  the  8  M  urea  was  deionized  by  passing  it  through  a  mixed 
bed  resin  (Bowex  1-50)  in  order  to  remove  cyanate  (202)  .  A 
tryptic  digest  of  AE-CHTG-B  (120  mg)  in  10  mis  of  starting 
buffer  was  added  to  a  column  of  DEAE-cellulose  (2.6  x  67  cm) 
previously  equilibrated  with  one  litre  of  0.02  M  tris-HCl 
buffer,  8  M  urea,  pH  8.0.  The  digest  was  washed  in  with  two 
3  ml  aliquots  of  starting  buffer.  Elution  of  the  peptides 
was  conducted  with  a  linear  gradient  of  400  ml  each  of  0.02  M 
tris  and  0,22  M  t.ris  both  8  M  with  respect  to  urea  at  a  pH  of 
8.0.  The  flow  rate  was  5  mis  per  three  minutes;  5.0  ml  frac¬ 
tions  being  collected.  All  operations  were  conducted  at  room 
temperature.  Based  on  optical  density  units,  all  material 
placed  onto  the  column  was  recovered.  The  chromatogram 
obtained  is  presented  in  Figure  3.  The  existence  of  histidine 
peptides  was  determined  by  spotting  aliquots  from  each  frac¬ 
tion  onto  Whatman  #3  MM  paper  and  developing  with  the  Pauly 
reagent.  Peaks  I  and  III  were  both  found  to  be  Pauly  positive. 
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Since  peak  III  appeared  to  be  the  least  contaminated  with 
ultraviolet  absorbing  material,  it  was  subjected  to  gel  fil¬ 
tration  on  Sephadex  G-25  (1.1  x  125  cm)  using  0 . 2N  acetic 
acid  (Figure  4) .  ^-DNP-lysine  was  used  as  a  visual  marker. 
Amino  acid  analysis  of  the  lyophilized  material  under  peak  A 
(Pauly  positive)  was  consistent  with  the  presence  of  two  pep¬ 
tides— the  sixteen  residue  histidine  loop,  and  a  segment  com¬ 
prising  fifteen  residues  of  the  C-terminal  end  of  the  protein. 
An  attempt  to  remove  the  contaminating  C-terminal  peptide 
through  application  of  Dowex-50x2  chromatography  as  outlined 
by  Schroeder  et.  ctL.  (203)  was  unsuccessful.  The  reason  for 
the  failure  was  undoubtedly  the  instability  of  the  "histidine- 
loop"  peptide  in  the  presence  of  pyridine-acetate  buffers  for 
extended  periods  of  time  at  38°.  These  conditions  are  equal 
to,  if  not  more  severe,  than  conditions  during  the  "long  6.5" 
ionophoresis . 

While  these  investigations  were  in  progress,  Dr.  ArpSd 
Ffirka  isolated  a  peptide  from  the  C-terminal  region  of  AE- 
CHTG-B .  Three  important  facts  were  gleaned  from  his  studies: 
(1)  the  peptide  was  acidic;  (2)  a  tryptophan  residue  was 
present  in  the  peptide;  and  (3)  the  amino  acid  composition  was 
in  agreement  with  that  of  the  peptide  contaminating  the ’histi¬ 
dine-loop"  after  gel  filtration.  These  observations  clearly 
explain  why  this  peptide  could  not  be  separated  from  the 
"histidine-loop"  peptide  on  Sephadex  G-25;  both  peptides  are 
approximately  the  same  size  and  both  contain  a  tryptophan 
residue.  The  fact  that  the  C-terminal  peptide  was  acidic 


in 

*  • 


co 

a 

o 


CN 


» 

O 


u 

QJ 


C 

o 

•H 

■P 

U 

nJ 

u 

P4 


Tlui  08  SV 


w 

c 

o 

•H 

-P 

U 

r0 

U 

Cm 

<D 

-P  > 
C  -H 
(D  -P 
•H  -H 
T3  W 
ro  o 

it  P  Oj 

e  a 

>1 

o  in  iH 

00  -H  3 

CM  u  <d 

<t]  E-i 


I 


• 

I 

I 

I 


o 


o 


o 


Figure  5.  DEAE- cellulose  chromatography  of  the  neutral  band  from 

pH  6.5  ionophoresis  of  the  tryptic  digest  of  S- (3- ami noethyl ) - 
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coupled  with  the  known  properties  of  the  'histidine-loop"  during 
ionophoresis  and  BEAE-chromatography  suggested  a  method  by  which 
the  "histidine-loop"  purification  could  be  attained. 

The  acidic  C-terminal  peptide  should  be  cleanly  removed 
from  the  neutral  "histidine-loop"  peptide  by  subjecting  the 
tryptic  digest  to  a  brief  pH  6.5  ionophoresis.  Elution  of  the 
peptides  from  the  neutral  region  followed  by  chromatography  on 
DEAE-cellulose ,  as  outlined  earlier  for  the  intact  tryptic 
digest,  should  yield  the  "histidine-loop"  free  of  contaminating 

r1' 

peptides.  Removal  of  urea  by  gel  filtration  would  complete  the 
purification . 

b .  Composite  Purification  Procedure 

The  tryptic  digest  of  AE-CHTG-B  (160  mg)  was  spotted 
(1  mg/cm)  in  the  centre  of  four  sheets  of  Whatman  #3  MM  paper 
and  subjected  to  ionophoresis  at  pH  6.5,  50  v/cm  for  one  hour. 

The  Pauly  positive,  Ehrlich  positive,  neutral  band  containing 
the  "histidine-loop"  peptide  (4.0-5. 5  cm  from  origin)  was 
eluted  with  deionized  water  and  lyophilized  to  yield  18  mgs  of 
material.  The  histidine  recovery  at  this  stage  was  estimated 
at  22%. 

The  neutral  peptides  (15  mgs  in  2  ml  starting  buffer) 
were  chromatographed  on  DEAE-cellulose  (0.9  x  81  cm)  (0.9  meq/ 
gm)  previously  equilibrated  with  200  mis  of  0.02  M  tris.HCl, 

8  M  urea,  pH  8.0.  A  linear  gradient  of  100  mis  each  of  0.02  M 
and  0.22  M  tris,  8  M  urea,  pH  8.0,  gave  the  elution  pattern  as 
shown  in  Figure  5.  The  flow  rate  was  11.5  mis  per  hour;  2.6  ml 
fractions  were  collected.  Urea  was  removed  from  10.4  mis  of 
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the  Pauly  positive  peak  V  on  a  1.1  x  168  cm  column  of  Bio-Gel 
P-2  (50-100  mesh,  1600  exclusion,  Biorad)  using  deionized 
water  as  the  eluent  (Figure  6) .  Bio-Gel  P-2  was  used  in  pre¬ 
ference  to  G-25  since  the  lower  exclusion  limit  would  tend  to 
retard  peptides  smaller  than  the  "histidine-loop" .  Skewing 
of  Peak  V,  Figure  5,  was  indicative  of  impurities.  These  im¬ 
purities  are  seen  to  be  retarded  on  the  Bio-Gel  P-2  acrylamide 
resin  and  emerge  as  peaks  B  and  C  along  with  other  small  mole¬ 
cules  such  as  urea. 

The  advantages  of  column  chromatography  as  opposed  to 
ionophoresis  are  clearly  demonstrated  by  the  recovery,  based 
on  optical  density  units,  of  over  80%  of  the  material  applied 
to  the  columns. 

The  "histidine-loop"  peptide,  Peak  A,  Figure  6,  was 
lyophilized  and  taken  up  in  2.0  mis  of  deionized  water.  Amino 
acid  analysis  of  a  150  |jl1  aliquot  is  presented  in  Table  II. 

The  "histidine-loop"  of  AE-CHTG-B,  previously  isolated  by  iono¬ 
phoresis  techniques,  is  also  shown.  Homologous  structures  in 
the  "histidine-loop"  region  appear  to  exist  between  CHTG-A4  and 
— B . 

The  recovery  of  only  1.5  residues  of  valine  after  a  22- 
hour  hydrolysis  indicates  the  presence  of  a  VAL-VAL  sequence 
since  this  bond  is  notoriously  resistant  to  acid  hydrolysis 
(204) .  The  possibility  of  a  resistant  ILE-VAL  or  VAL-ILE  bond 
existing  in  the  peptide  is  refuted  by  the  recovery  of  1.0  resi¬ 
due  of  isoleucine. 

Determination  of  the  number  of  tryptophan  residues  in  the 


TABLE  II 


Amino  Acid  Analyses  of  the 
"Histidine- loop"  of  AE-CHTG-B 


Amino  Acid 

Composite  a. 
Purification 

Ionophoretic  b. 
Purification 

"Histidine-loop"  c 
CHTG-A 

Histidine 

0.9 

0.5 

1  I 

AE-cysteine 

0.5 

0.5 

1  il 

Aspartic  Acid 

1.0 

1.3 

2 

Threonine 

0.9 

i.id 

1 

Serine 

2.0 

2.0d 

1  il 

Glutamic  Acid 

1.0 

1.1 

1 

Glycine 

1.9 

2.0 

2 

Alanine 

2 . 0e 

2 . 0e 

2 

Valine 

1.5 

1. 9f 

2 

Methionine 

0.1 

o 

e 

h* 

Isoleucine 

1.0 

0.9 

1  I 

Leucine 

1.1 

1.2 

1 

Tryptophan 

1.2 

+ 

1  II 

-■  ■  ■  -  - 

a.  22  hour  hydrolysate 

b.  Average  of  20  +  70  hour  hydrolysate 
c„  Data  of  Hartley  (11) 

d.  Extrapolated  to  zero  time 

e.  Arbitrarily  taken  as  2.0  residues 
f0  Extrapolated  to  100  hours 
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"histidine-loop"  was  calculated  on  the  basis  of  amino  acid 
analyses  and  the  optical  density  reading  presented  in  Figure  6. 

The  pooled  fractions  under  Peak  A  had  a  total  volume  of 
16.8  mis  with  an  average  extinction  of  0.223.  From  the  rela¬ 
tionship  £  ~  A/c  x/,  where  £  =  molar  extinction  coefficient, 

A  =  extinction,  c  =  molarity,  and  /  =  cm,  the  molarity  of 
tryptophan  residues  was  calculated  as  3.54  x  10  5  using  t  =  1  cm, 
A  =  0.223,  and  £  —  6310  at  280  mp,  (205)  .  Assuming  one  trypto¬ 
phan  and  two  alanine  residues  to  be  present,  the  quantity  of  the 
'histidine-loop"  peptide  was  0.60  pinoles,  based  on  the  tryptophan 
determination,  and  0.49  pinoles  based  on  the  amino  acid  analysis. 
Since  the  ratio  is  slightly  greater  than  unity  (0.60/0.49  =  1.2), 
one  may  reasonably  conclude  that  a  single  tryptophan  residue  is 
present.  The  departure  of  the  ratio  from  unity  is  due  to  losses 
sustained  during  lyophilization  of  the  "histidine-loop"  follow¬ 
ing  the  tryptophan  determination. 

N-terminal  analysis  (section  5a  (ii) )  utilizing  Dansyl 
chloride,  a  fluorescent  reagent  introduced  by  Gray  and  Hartley 
(206)  ,  revealed  glycine  in  agreement  with  the  studies  of  Smillie 
et  al .  (16) (Figure  1) . 

5 .  Sequence  of  the  "Histidine-Loop"  Peptide 

a .  Methods 

The  basic  approach  to  elucidating  the  sequence  was  to 
degrade  the  peptide  separately  with  chymotrypsin-A4  and  pepsin 
so  as  to  obtain  fragments  which  could  easily  be  sequenced  and 
arranged  to  yield  over-lap  peptides.  The  chymotryptic  and  pep¬ 
tic  digestions  were  conducted  in  the  volatile  buffers,  N-ethyl 
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morphorline  and  formic  acid  respectively,  and  the  digests 
applied  directly  to  paper,,  Purification  of  the  resulting 
peptides  was  initially  carried  out  by  ionophoresis  at  pH  6.5 
in  order  to  separate  the  peptides  into  basic,  neutral  and 
acidic  groups.  The  presence  of  asparagine  or  glutamine, 
acidic  and  basic  amino  acids  or  combinations  thereof,  can 
usually  be  deduced  from  a  comparison  of  the  amino  acid  com¬ 
position  and  the  mobility.  Cross-contaminating  peptides  such 
as  those  present  in  the  neutral  region,  can  often  be  resolved 
by  subjecting  the  bands  to  ionophoresis  at  pH  1„8  or  pH  3.5. 
Further  resolution  of  bands  may  be  obtained  by  descending 
chromatography  in  butanol-acetic  acid-water  (3:1:1,  v/v/v/; 
or  4:1:5  v/v/v),  but  ionophoresis  at  pH  1.8  is  required  prior 
to  amino  acid  analysis  (Ambler  (207))  . 

The  analysis  of  an  N-terminal  residue  using  Sanger's 
reagent,  l-fluoro-2 , 4-dinitrobenzene  (208)  has  been  recently 
superseded  by  an  ul tramicrof luorescent  technique  utilizing 
"dansyl  chloride",  l-dimethylaminonapthalene-5-sulf onyl 
chloride.  Dansyl  amino  acids  (DNS-AA)  can  be  detected  visu¬ 
ally  in  IQ-4  irmole  quantities  by  their  fluorescence  in  ultra¬ 
violet  light.  This  new  reagent  allows  for  a  100-fold  increase 
in  sensitivity  over  the  l-fluoro-2 , 4-dinitrobenzene  technique. 
Thus,  when  used  in  conjunction  with  the  Edman  degradation  (209- 
211) ,  it  is  possible  to  carry  out  a  sequential  analysis  of  at 
least  four  residues  using  only  0.02  irmoles  of  peptide.  A 
definitive  treatise  dealing  with  N-terminal  analysis  and 
sequence  determination  utilizing  the  Dansyl-Edman  technique  has 
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been  written  by  Gray  (212) . 

( i)  Edman  Degradation 

Although  sequential  analysis  is  feasible  with  as  little 
as  0.02  pinoles  of  peptide,  it  is  advisable  to  use  0,05  fimoles 
or  more  of  the  peptide  if  such  amounts  are  available.  The  pep¬ 
tide  (0,05  hmoles)  was  evaporated  to  dryness  in  a  3.0  ml  stop¬ 
pered  test  tube  and  was  dissolved  in  200  |il  of  pyridine-water 
(1:2,  v/v)  .  A  40  |il  aliquot  (0.01  |im)  was  removed  for  N- 
terminal  analysis  as  outlined  in  section  (ii).  The  volume  of 
the  residual  peptide  solution  was  brought  to  300  |il  by  the 
addition  of  160  |il  of  pyridine-water.  The  resulting  solution 
was  stored  at  -20°  until  the  N-terminal  amino  acid  had  been 
successfully  identified.  A  systematic  degradation  of  the  pep¬ 
tide  was  performed  by  introducing  300  |il  of  phenylisothiocyanate 
(PITC)  (5%  in  pyridine;  Matheson,  Coleman  and  Bell  Co.)  to  the 
stock  peptide  solution.  The  mixture  was  briefly  agitated,  stop¬ 
pered  and  incubated  at  37°  for  3  hours  to  achieve  coupling. 
Deionized  water  (200  |il)  was  added  following  the  incubation. 
Pyridine  and  excess  PITC  were  extracted  with  four  1.5  ml  ali¬ 
quots  of  benzene  by  first  mixing  thoroughly  on  a  Junior  Vortex 
agitator,  followed  by  centrifugation  for  four  minutes  at  three- 
quarter  speed  on  an  International  Clinical  centrifuge.  The 
upper  benzene  layer  was  removed  with  a  Pasteur  pipette  and  dis¬ 
carded.  The  aqueous  solution  remaining  was  freeze-dried  over¬ 
night.  Early  the  next  day,  100  |il  of  tr if luoroacetic  acid  (TFA- 
Baker  Analyzed  reagent)  was  added  to  the  dried  residue.  Cycliza- 
tion  and  cleavage  of  the  PTC-peptide  yielding  a  shorter  peptide 
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Figure  7.  pH  4.38  ionophoresis  of  dansyl-amino  acids 
hatched  spot  indicate  blue  fluorescence. 


-49- 


The  optimum  current  drawn  during  the  run  has  been  found  to  be 
between  100  to  150  mamps .  Separation  of  the  dansyl  amino  acids 
obtained  through  ionophoresis  is  shown  in  Figure  7.  The  dansyl 
sulfonic  acid  region  I,, (Figure  7)  may  be  further  resolved  by 
sewing  the  band  onto  #3  MM  paper  and  re-running  it  at  pH  1.8, 

4  Kv  for  sixty  minutes  in  the  varsol-cooled  ionophoresis  tank 
(213).  Under  these  conditions,  DNS-GLY  and  DNS -ALA  were  slight¬ 
ly  separated.  DNS-SER,  migrating  behind  DNS -ALA,  was  well 
separated,  while  DNS-PRO  was  extracted  into  the  varsol  and  lost. 
Dansyl  sulfonic  acid  (DNS-OH)  possesses  a  net  charge  of  zero  at 
pH  1.8  and  moves  only  slightly  from  the  origin.  Clearly,  re¬ 
running  of  region  I  need  only  be  invoked  to  distinguish  between 
DNS-SER  and  DNS-ALA,  or  to  remove  DNS-OH,  which  could  be  masking 
DNS-GLY. 

Confirmation  of  the  hydrophobic  dansyl  amino  acids 
migrating  in  region  II,  Figure  7,  may  be  readily  obtained  by 
chromatography  (sixteen  hours)  in  light  petroleum  (100-120°  b.p.) 
-toluene-acetic  acid-water  (75:25:85:15,  v/v/v/v)  (216).  The 
upper  phase  was  used  for  chromatography,  while  the  lower  phase 
was  used  for  pre-equilibration  of  the  paper. 

Pertinent  to  the  sequence  studies  on  the  "histidine-loop" 
and  other  peptides  from  AE-CHTG-B,  was  the  presence  of  N-terminal 
tryptophan  and  C-terminal  AE-cysteine  residues.  The  known 
lability  of  tryptophan  to  acid  hydrolysis  is  not  altered  in  the 
dansyl  tryptophan  derivative.  Upon  exposure  to  6N  HC1  at  110° 
DNS-TRP  decomposes  to  yield  dansylsulf onamide  (DNS-NH2)  plus 
traces  of  DNS-OH,  DNS-SER,  DNS-GLY  and  DNS-ALA  (212) .  Dansyl 
tryptophan  can  be  readily  liberated  from  a  DNS-peptide  through 
the  use  of  chymotrypsin  (section  5c) . 
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During  sequence  studies  conducted  on  tryptic  peptides 
from  S- (P- ami noethyl) -CHTG-B,  an  acidic  dansyl  derivative 
with  a  mobility  mid-way  between  DNS-ASP  and  DNS-GLU  appeared 
occasionally  in  addition  to  the  expected  N- terminal  residue. 

A  careful  examination  of  numerous  N-terminal  analyses  revealed 
that  only  those  peptides  containing  AE-cysteine  formed  the 
artifact  during  acid  hydrolysis  of  the  DNS-peptide . 

A  likely  explanation  for  its  occurence  is  as  follows: 
during  dansylation,  the  £-amino  group  of  AE-cysteine  was 
labelled  as  was  known  to  occur  with  the  £-NH2  of  lysine  (212) . 
Oxidation  of  the  sulfur  to  the  sulfone,  via  the  sulfoxide 
intermediate,  could  occur  during  peptide  purification,  dansyl- 
ation,  and  acid  hydrolysis  in  the  partially  degassed  HC1. 
Cleavage  of  the  thioether  bond  as  indicated  below  would  yield 
dansyl  taurine  an  acidic  species  with  a  mobility  identical  to 
the  artifact  (212) «, 


0 

dns-nh-ch2-ch2-s-ch2-ch-cooh  6N  HC1 

2  6  nh-C-PEPTIDE  (trace  of  02)  ? 

6 


o 

DNS-NH-CH~-CHn-S-0 
2  2  ■» 

0 


+ 


H0-CHo-CH-C00H  + 

Z.  i 

NH2 


amino 

acids 


Dansyl  Taurine 


Serine 


Since  oxidation  of  synthetic  AE-cysteineoccured  at  room 
temperature  (Appendix  D) ,  and  since  multiple  bands  of  AE- 
cysteine  peptides  have  been  observed  (Figure  8),  the  proposed 
degradation  of  £-DNS-S  (-(3- ami  noethyl) -cysteineis  conceivable. 
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Figure  8.  pH  6.5  Ionophoresis  of  the  chymotryptic 
digest  of  the  "histidine-loop"  peptide. 
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b .  Chymo tryptic  Digestion  of  the  "Histidine-Loop"  Peptide 

( i)  Purification  of  Peptides 

An  equal  volume  of  0.02N  N-e thy lmorpho line  buffer  pH8.0 
was  added  to  CL  30  pmoles  of  the  histidine  loop  peptide  in  1.2  mis 
of  water.  Digestion  was  initiated  by  the  addition  of  50  \±1  of 
a  stock  CHT-A^  solution  (6  mgs/2.0  ml  ^O)  and  incubated  at  37° 
overnight.  The  molar  ratio  of  histidine- loop "/CHT-A^  was  50/1. 

The  digest  was  spotted  at  a  concentration  of  0.01  |_imoles/cm 
in  parallel  with  standard  amino  acid  mixtures  81  and  S2  (Appendix 
A)  in  the  center  of  a  Whatman  #1  paper.  Ionophoresis  was  carried 
out  at  pH6.5  and  50  volts/cm  for  fifty  minutes.  Side  strips 
one  cm.  in  width  were  stained  with  Pauly,  Ehrlich  and  ninhydrin 
reagents  -  the  results  are  summarized  in  Figure  8.  Rerunning 
the  neutral  band  (C3)  at  pH1.8,  80  volts/cm  for  thirty  minutes, 

revealed  only  one  major  band  running  slightly  ahead  of  phenyla¬ 
lanine.  Peptides  to  were  eluted  from  their  respective 
chromatograms  with  400  |±1  of  water.  The  results  of  N-terminal 
and  amino  acid  analysis  on  the  peptides  are  presented  in  Table  3. 
Of  the  chymotryptic  peptides  isolated,  only  C3  (VAL,  VAL,  THR. ) 
was  useful  in  the  elucidation  of  sequences.  The  complete 
sequences  of  peptides  Cl  and  C2  and  the  sequences  of  the  first 
four  residues  of  peptides  C4  to  C6  were  known  previously  from 
the  work  of  Smillie  and  Hartley  (16,  17) .  Useful  overlapping 
peptides  were  obtained  from  the  digest  as  shown  in  Figure  9. 

The  assignment  of  peptide  C4  to  the  position  shown  in  Figure  9 
was  based  on  a  questionable  amino  acid  analysis  due  to  poor  re¬ 
coveries  of  the  peptide.  The  presence  of  this  peptide  in  trace 
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quantities  was  substantiated  by  the  absence  of  an  Ehrlich 
test  for  tryptophan „  The  dipeptides  ALA -ALA  and  HIS-AE.CYS, 
which  would  be  liberated  by  partial  cleavage,  were  not  detected 
on  the  chromatograms.  Since  peptide  C4  is  acidic  in  nature 
one  can  reasonably  assume  that  it  is  void  of  basic  groups. 

c.  Peptic  Digestion  of  the  "Histidine-Loop 11  Peptide 

(i)  Purification  of  Peptides 

* 

To  0.35  (imoles  of  the  histidine  peptide  ,  2  mis  of  5% 
formic  acid  and  230  |_il  of  a  pepsin  stock  solution  (5.2  mg.  per 
ml  of  5%  formic  acid)  were  added,  and  the  digest  was  incubated 
overnight  at  37°.  The  molar  ratio  of  the  "histidine-loop" 
peptide/pepsin  was  50/1.  The  digest  was  spotted  at  a  concentra¬ 
tion  of  0.01  mmoles  per  cm  in  the  center  of  a  Whatman  #1  paper. 
Standard  amino  acid  mixtures  of  SI  and  S2  were  run  in  parallel. 
Ionophoresis  was  conducted  at  pH  6.5,  50  volts/cm  for  fifty 
minutes.  Initially  only  the  standard  amino  acids  were  developed 
with  ninhydrin  in  order  to  detect  the  neutral  band.  This  band 
was  subsequently  sewn  10  cm  from  the  anode  of  a  Whatman  #1 
paper  and  subjected  to  pH  1.8  ionophoresis  at  80  volts/cm  for 
twenty  minutes.  The  results  of  staining  side  strips  of  the 
pH  1.8  and  6.5  ionograms  with  detection  reagents  are  shown  in 
Figure  10. 

The  acidic,  neutral  and  basic  peptides  were  eluted  with 
water,  0.01N  NH^OH  and  0.01N  acetic  acid,  respectively.  Suit¬ 
able  aliquots  were  removed  for  N-terminal  and  amino-acid 
analyses.  The  results  are  reported  in  Table  4. 


Additional  material  purified  as  outlined  (Section  4b) 


TABLE  IV 
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Partial  peptic  cleavages  are  indicated  by  the  presence 
of  minor  bands  P5N,  P6N,  P8  and  P9  on  the  ionograms  as 
shown  in  Figure  10,  Based  on  their  amino  acid  compositions, 
electrophoretic  mobility  and  color  reactions,  the  above 
mentioned  peptides  could  be  arranged  with  the  major  peptides 
(Table  4;  PI,  P3,  P4N,  P7N  and  P10)  as  presented  in  Figure  9. 

( ii)  Sequence  Determination 

The  sequence  of  peptides  PI,  P3  and  P4N  was  known 
previously  (16,  17),  therefore  only  peptides  P7N  and  P10,  com¬ 

prising  the  centre  portion  of  the  "histidine- loop" ,  were  sub¬ 
jected  to  the  Dansyl-Edman  sequential  analysis. 

Conventional  analysis  could  not  be  applied  to  P7N  due 
to  a  suspected  N- terminal  tryptophan  residue.  An  alternative 
approach,  utilizing  CHT-A^  or  carboxypeptidase  A  was  suggested 
by  the  work  of  Gray  (212) .  It  was  decided  that  chymotryptic 
digestion  of  the  dansylated  peptide  would  be  the  most  favour¬ 
able  approach. 

To  0.04  pmoles  of  the  freeze-dried  peptide  P7N,  60  |il 
of  0.1  M  NaHCO^  was  added  and  the  solution  was  taken  to 
dryness.  The  residue  was  dissolved  in  60  \il  of  water,  60  p,l 
of  dansyl  chloride  (2.5  mg/ml  of  acetone)  was  then  introduced 
and  dansylation  was  carried  out  at  37°  for  three  hours.  Sub¬ 
sequent  to  evaporation  of  the  acetone-water,  the  residue  was 
redissolved  in  50  |jl1  of  water.  Chymotryptic  digestion  was 
initiated  by  adding  25  \il  of  a  stock  solution  of  enzyme  (0.8 
mg/ml  H2<3)  and  the  weakly  alkaline  digest  was  incubated  at  37° 
overnight.  The  liberation  of  DNS-TRP  in  high  yields  was 


L)  r5  A  R  i  r  *  i  .v  t  C  2  Ci  Pi  -  p  "  v-  p 

elative  Mobility  (p 


A  piot  of  the  peptide  mobility  (p) ,  relative  to  free  aspartic, 
versus  molecular  weight.  Measurements  were  made  from  the 
midpoint  of  the  neutral  amino  acid  spot  which  compensated 
for  endosmosis  and  variations  in  the  position  of  the  origin. 

Io nophoreses  were  carried  out  at  50  volts/cm  in  tanks 

(pH  6.5)  described  in  Appendix  A.  The  majority  of  the  runs 

involved  the  peptide  moving  10  cm  or  more.  (Offord  (217)  ). 
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shown  upon  ionophoresis  at  pH4.38  by  running  an  aliquot 
of  the  digest  in  parallel  with  authentic  DNS-TRP. 

The  remaining  digest  (55  \i  1)  was  spotted  as  a  3  cm 
band  (about  0.01  |rmoles/cm)  at  a  distance  of  10  cm  from 
the  anode  on  a  Whatman  #1  paper.  Ionophoresis  at  pH1.8, 

80  volts/cm  for  20  minutes  revealed  the  presence  of  a  weak 
ninhydrin  band  slightly  in  advance  of  phenylalanine.  The 
mobility  of  this  fragment  of  P7N  (designated  P7N  CHT)  was 
identical  to  that  of  a  chymotryptic  peptide  isolated 
previously  (C3;  VAL,  VAL,  THR) .  Peptide  P7N  CHT  was  eluted 
with  0.01  N  NH.OH,  freeze-dried  and  taken  up  in  200  \il  of 
pyridine-water.  Dansyl-Edman  sequence  determination,  as 
outlined  earlier,  confirmed  the  sequence  of  P7N  CHT  to  be 
VAL- VAL- THR.  Based  on  the  accumulated  data,  peptide  P7N 


can  unabiquously  be  assigned  the  structure  TRP- VAL- VAL- THR. 

Elucidation  of  the  amino  acid  sequence  in  peptide  P10 
(ILE, SER, GLX, ASX)  demanded  not  only  the  order  of  the  residues, 
but  also  a  knowledge  of  whether  or  not  aspartic  acid  or 
glutamic  acid  existed  as  an  amide.  Based  on  the  mobility 
at  pH6.5  ionophoresis,  at  least  one  or  possibly  both  residues 
were  present  as  the  free  acid.  R. E „  Of ford  (217)  has  recent¬ 
ly  devised  a  simple  method  whereby  the  net  charge  on  a 
peptide  at  pH6.5  can  be  determined  graphically.  The  log 
of  the  relative  mobility  of  a  peptide,  with  respect  to 
aspartic  acid,  was  plotted  against  the  logarithm  of  the  mole¬ 
cular  weight.  The  data  was  found  to  coincide  with  one  of  a 
series  of  parallel  lines  depicting  a  net  charge  of  -1,-2,  -3  or 
-4  (Figure  11) .  All  measurements  were  taken  from  the  neutral 
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region  so  as  to  offset  endosmosis.  The  validity  of  the  plot 
has  been  attested  to  through  numerous  applications  in  the 
laboratory  of  Dr.  B.S.  Hartley,  Cambridge,  England  and  in 
our  own  laboratory.  Peptide  P  10  possessed  a  relative  mobility 
of  0.79  which  corresponded  to  a  net  charge  of  -2  on  graphical 
analysis.  The  existence  of  aspartic  and  glutamic  as  free 
acids  was  suggested. 

Dansyl-Edman  sequence  determination  of  P10  is  summarized 
in  Table  5.  Based  on  the  data  presented,  the  sequence  may  be 
written  as  ILE-SER°GLXoASP.  Following  the  third  Edman  step 
the  N-terminal  residue  was  identified  as  aspartic  acid  before 
and  after  acid  hydrolysis,  thus  demonstrating  the  absence  of 
asparagine . 

Evidence  was  still  required  to  unequivocally  demonstrate 
the  presence  of  glutamic  acid  and  not  glutamine.  Mild  enzymic 
digestion  of  P10  followed  by  characterization  of  the  products 
on  pH  6.5  ionophoresis  was  employed.  The  GLX-ASP  bond  proved 
to  be  particularly  resistant  to  pronase  (Calbiochem.  B  Grade) 
while  subtilisin  (Nagarse,  Teikatn  Chemical  Co.  Ltd.,  Japan) 
had  no  detectable  effect  on  the  peptide.  Aspartic  and  glutamic 
acid  isolated  from  a  carboxypeptidase  (Worthington)  digest, 
offered  the  first  tangible  evidence.  Confirmation  of  the 
presence  of  glutamic  acid  was  acquired  from  a  leucine  amino- 
peptidase  (LAP)  digest.  Ten  |il  of  0.2  M  N-ethyl  morpholine 
pH  8.0,  5  |il  of  0.016  M  MgCl2  and  5  |il  of  a  stock  LAP  solution 
(Worthington,  6.2  mg/ml)  were  added  to  0.012  |imoles  of 
peptide  P  10  in  20  \±1  of  water.  The  digest  was  incubated  at 
37°  overnight  and  analyzed  qualitatively.  Four  bands  were 
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clearly  seen  on  the  pH6„5  ionograms 

(a)  the  neutral  band  containing  lie  and  Ser 

(b)  free  aspartic  acid 

(c)  free  glutamic  acid 

and  (d)  an  acidic  band  in  advance  of  glutamic  acid. 
Application  of  the  graphical  charge  determination  method  of 
Offord  (217)  (Figure  11)  indicated  the  acidic  band  had  a 
net  charge  of  -2  and  a  mobility,  relative  to  aspartic  acid, 
of  1 o 13©  The  peptide  was  undoubtedly  GLU-ASP.  Resistance 
of  the  GLU-ASP  bond  to  LAP  hydrolysis  has  also  been  observed 
by  Ingram  (218) . 

6 o  Discussion 

Elucidation  of  the  sequence  of  the  "histidine-loop" 
has  revealed  peculiarities  in  the  substrate  specificity  of 
CHT-A^  and  has  provided  an  insight  into  the  chemistry  of 
AE-cysteine residues. 

Perhaps  the  most  surprising  observation  was  the  facility 
with  which  chymotrypsin  hydrolysed  a  THR-ALA  bond  while  only 
partially  hydrolysing  a  "specific"  tryptophan  bond.  A 
plausible  explanation  must  go  beyond  the  particular  amino 
acid  side  chain  and  invoke  residues  in  proximity  to  the  sus¬ 
ceptible  bond.  The  presence  of  glutamic  acid  and  aspartic 
acid  N- terminal  to  the  tryptophan  residue  were  undoubtedly 
responsible  for  the  partial  cleavage  of  the  TRP-VAL  peptide 
bond.  These  acidic  residues  could  conceivably  disrupt  the 
orientation  of  the  susceptible  bond  in  the  active  site  of 
chymotrypsin . 
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A  similar  situation  existed  in  the  sequence 
ASP-ASP-PHE-ALA-ALA,  residues  128-132  of  CHTG-A,  where  the 
PHE-ALA  bond  was  not  extensively  hydrolyzed  by  chymotrypsin 
(11) .  Moreover,  Schroeder  and  Jones  (190)  have  observed  that 
the  presence  of  an  aspartic  acid  residue,  N-terminal  to 
lysine,  markedly  decreases  tryptic  hydrolysis. 

The  lability  of  the  THR-ALA  peptide  bond  appears  to  be 
due  to  the  influence  of  the  adjacent  amino  acids  which  are 
non-polar  in  nature.  Enhancement  of  chymotryptic  hydrolysis 
of  a  THR-X  bond  has  been  shown  to  occur  in  the  presence  of  a 
valine  residue  N-terminal  to  threonine  (11) .  Observance  of 
this  "non-specific"  chymotrypsin  split  confirms  earlier 
suspicions  that  fragmentation  of  the  "histidine-loop"  peptide 
during  tryptic  digestion  of  S-  (f3-aminoethyl)  -CHTG-B  was  due 
to  contaminating  chymotrypsin. 

The  basic  peptides  from  peptic  (PI,  P2,  P3)  and  chymo¬ 
tryptic  (Cl,  C2)  digests  of  the  "histidine-loop"  were  found 
to  be  identical.  Comparison  of  the  strongly  basic  PI  and  Cl 
peptides  with  the  less  basic  P3  and  C2  peptides  revealed 
consistently  lower  recovery  of  AE-cysteine  from  acid  hydro¬ 
lysates  of  the  latter.  Oxidation  of  the  sulfur  atom  to  the 
sulf one,  in  the  side  chain  of  AE-cysteine  could  account  for 
the  multiple  bands.  An  increase  in  molecular  weight  coupled 
with  a  possible  depression  of  the  pK2,  through  field  effects 
of  the  sulf one,  could  lead  to  the  altered  mobilities.  Peptides 
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P1  and  Cl  thus  contain  AE- cysteine in  its  unoxidized  form  — 
a  structure  which  is  stable  to  acid  hydrolysis  (Appendix  D) . 

The  trace  amounts  of  peptide  P2  likely  represent  the  AE-cysteine 

0 

II 

side  chain  in  its  intermediate  sulfoxide  form  (-S-) .  Major 

bands  P3  and  C2  yielded  low  recoveries  of  AE-cysteine  upon 

0 

acid  hydrolysis.  The  sulfone  (-S-)  present  in  these  bands 

0 

is  thought  to  be  unstable  and  to  decompose  into  taurine  and 
serine.  This  theory,  although  plausible,  cannot  account  for 
the  apparent  recovery  of  the  native  AE-cysteine  from  the 
sulfone  derivative  unless  the  two  species  are  not  separable 
on  the  analyzer.  Whatever  the  alteration  in  the  structure 
of  the  peptide  that  causes  the  multible  bands,  the  side  chain 
of  AE-cysteine  is  certainly  involved. 

The  "diagonal"  paper  ionophoretic  technique  of  Brown 
and  Hartley  (132)  coupled  with  redirection  of  the  tryptic 
hydrolysis  to  cystine  or  cysteine  bonds  through  formation  of 
AE-cysteine  residues,  is  a  powerful  tool  in  the  establishment 
of  overlap  peptides  for  sequence  study.  The  reagent  of  choice 
for  aminoethylating  cysteine  residues  is  ethylenimine-acetate 
buffer  at  pH8„0. 

Goldberger  and  Anfinsen  (219)  have  selectively  masked 
the  £ -aminogroups  of  lysine  with  ethyl  trif luoroacetate , 
thereby  directing  tryptic  hydrolysis  solely  to  the  arginine 
residues,  S-  (^-aminoe thyl)-cysteine  would  be  expected  to  react 
in  a  similar  manner  to  lysine.  Removal  of  the  trif luoroacetyl 
moiety  (TFA)  from  the  £-amino  groups  with  M  piperidine  at  0° 
exposes  the  tryptic  sensitive  sites. 
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Application  of  the  technique  introducing  AE-cysteine 

residues  into  a  protein  will  be  one  of  the  most  useful  tools 

! 

for  future  sequence  elucidation „  Manipulation  of  the  TFA 
blocking  group  selectively  to  lysine  (220),  S-  ((3-aminoe thyl)  - 
cysteine,  or  both  and  application  of  an  arginine  blocking 
group,  1,2  cyclohexanedione  (221),  can  yield  a  variety  of 
overlapping  peptides  from  tryptic  digests. 

The  role  of  the  "histidine-loop"  in  chymotrypsin  and 
trypsin  has  been  postulated  as  the  major  substrate  binding 
site  by  Bender,  Killheffer  and  Kbdzy  (151,152).  Their 
hypothesis  was  based  on  extensive  structural  homologies 
existing  in  this  region  and  on  the  identity  of  the  deacylation 
rate  of  non-ionic  acyl-trypsins  and  acyl-chymotrypsins  over 

5 

a  10  -fold  range  of  rate  constants.  It  is  well  known  that 
trypsin  exhibits  a  high  degree  of  specificity  towards  lysine 
and  arginine  residues.  Support  for  the  presence  of  an  anionic 
site  and  a  hydrophobic  slit  to  accommodate  these  amino  acids 
in  the  active  site  has  been  recently  obtained.  (157-160) 
Although  the  "histidine-loop"  in  trypsin  is  hydrophobic  in 
nature  it  does  not,  unfortunately,  contain  an  anionic  group 
to  fulfil  the  binding  site  requirements.  In  order  to  compensate 
for  this  deficiency,  Bender  et  al.  (152)  have  postulated  the 
presence  of  an  auxiliary  anionic  residue.  In  contrast,  the 
"histidine-loop"  in  CHT-A4  has  been  shown  to  contain  an  acidic 
residue  in  an  otherwise  hydrophobic  sequence.  This  residue 
would  not  be  expected  to  facilitate  the  binding  of  an  aromatic 
group  to  the  "histidine-loop".  Although  the  "histidine-loop" 
of  CHT-A4  and  trypsin  do  not  entirely  complement  the  structures 
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Figure  12.  Comparison  of  the  amino  acid  sequence  of  the  "histidine-loop"  in 

CHTG-B,  CHTG-A  and  trypsinogen. 
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of  their  respect  substrates,  one  cannot  eliminate  the 
possibility  that  part  of  the  '“histidine- loop"  could  be 
involved  in  a  substrate  binding  site. 

In  comparison  to  the  "histidine- loops"  of  CHTG-A  and 
trypsinogen,  the  "histidine-loop"  of  CHTG-B  was  found  to  be 
the  most  hydrophilic  in  nature,  (Figure  12).  Extensive 
homologous  structures  exist  in  the  "histidine- loops "  of 
these  enzymes  with  the  notable  exception  of  the  short 
sequence,  residues  48  to  50,  where  variation  in  amino  acid 
sequence  and  in  the  nature  of  the  amino  acid  is  permitted. 

In  CHTG-A  and  particularly  CHTG-B,  the  sequences  ASN-GLU-ASN 
and  SJ2R-GLU-ASP  respectively,  located  midway  between  the  half¬ 
cysteine  residues  42  and  58,  disrupts  the  predominantly 
hydrophobic  nature  of  the  "his tidine- loop" »  The  corresponding 
sequence  in  trypsinogen  ASN-SER-GLN  does  not  markedly  alter 
the  hydrophobicity  of  the  "histidine-loop".  The  role  of 
residues  48  and  50  is  likely  to  link  the  hydrophobic  "arms" 
of  the  "histidine- loop"  and  thus  impart  rigidity  to  the 
structure.  The  stereochemical  relationship  between  the  two 
histidines  adjacent  to  the  disulfide  bridge  is  thus  preserved. 

Studies  in  this  laboratory  have  revealed  that  CHT-B 
is  resistant  to  inhibition  by  DFP,  DPCC  and  L-TPCK  when  com¬ 
pared  to  CHT-A^,  (13,129,  Chapter  III).  If  the  hydrophobic 
"arms"  of  the  "histidine-loop"  comprise  a  portion  of  a  binding 
site  on  the  enzyme  surface,  then  the  presence  of  two  acidic 
residues  at  positions  49  and  50  in  CHT-B  would  be  sufficiently 
near  to  influence  the  binding  of  substrates  or  inhibitors. 


Binding  Site  1 


95  96  97  98  99  100  101  102  103  104  105  106  107 

Trypsin  Asn  Pro  Leu  Thr  Asn  Asn  Asn  Asp  lie  Met  Leu  lie  Lys 

CHT-A^  Asn  Ser  Leu  Thr  lie  Asn  Asn  Asn  lie  Thr  Leu  Leu  Lys 

CHT-B  Ser  lie  Leu  Thr  Val  Arg  Asn  Asp  lie  Thr  Leu  Leu  Lys 

Binding  Site  2 

160  161  162  163  164  165  166  167  168  169  170  171  172 
Trypsin  Ala  Pro  lie  Leu  Ser  Asp  Ser  Ser  Cys  Lys  Ser  Ala  Tyr 

CHT-A^  Leu  Pro  Leu  Leu  Ser  Asn  Thr  Asn  Cys  Lys  Lys  Tyr  Trp 

CHT-B  Leu  Pro  lie  Val  Ser  Asn  Thr  Asp  Cys  Arg  Lys  Tyr  Trp 


Binding  Site  3 

181  182  183  184  185  186  187  188  189  190  191 

Trypsin  Phe  Cys  Ala  Gly  Tyr  Leu  Glu  Gly  Gly  Lys  Asn  Ser  Cys 

CHT-A^  He  Cys  Ala  Gly . Ala  Ser  Gly  Val  Ser  Ser  Cys 

CHT-B  lie  Cys  Ala  Gly  .  Ala  Ser  Gly  Val  Ser  Ser  Cys 

Figure  13.  The  amino  acid  sequence  of  possible  substrate 

binding  sites  in  CHT-A^,  CHT-B  and  trypsin. 
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It  is  possible  that  the  observed  decrease  in  the  suscepti¬ 
bility  of  CHT-B  to  the  above  mentioned  inhibitors  may  be  due 
to  the  presence  of  these  acidic  residues.  In  addition, 
these  residues  may  contribute  to  the  increase  in  the  deacyla¬ 
tion  rate  of  non-ionic  acyl-CHT-B  (anisoyl-,  trime thylac etyl- 
and  cinnamoyl-)  when  compared  to  the  correspondings  acyl- 
derivatives  of  CHT-A^,  Although  these  deductions  are  specula¬ 
tive  at  this  time,  the  significance  of  the  "histidine-loop" 
in  the  enzymes  studied  suggests  that  the  acidic  residues  in 
CHT-B  cannot  be  disregarded, 

Smillie  and  Hartley  (189)  have  suggested  that  additional 
regions  in  the  CHT-A^  and  trypsin  could  participate  as 
subtrate  binding  sites.  Attention  was  directed  towards 
homologous,  predominantly  hydrophobic,  sequences  in  which  an 
acidic  residue  present  in  trypsin  was  absent  in  CHT-A^.  Such 
a  substitution  in  trypsin  introduces  a  negative  charge  into 
an  otherwise  non-polar  sequence  thereby  partially  fulfilling 
the  requirements  of  the  binding  site.  The  regions  considered 
are  between  residues  95  and  114,  between  162  and  170  and 
between  181  and  194,  (Figure  13)  For  comparison,  the 
sequences  corresponding  to  these  regions  in  CHT-B  are  included 
From  the  studies  on  CHT-B  the  postulated  binding  site  encompas 
ing  residues  95  to  114  may  be  rejected  since  the  aspartic  acid 
residue  found  at  position  102  of  trypsin  is  also  found  to  be 
present  in  CHT-B,  The  two  additional  possibilities  have  been 
supported  by  sequence  studies  on  CHT-B. 

The  nature  of  the  substrate  binding  site  in  CHT-A4  may 
be  a  hydrophobic  depression  on  the  enzyme  surface  formed  by 
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segments  of  polypeptide  chains  likely  involved  in  the  serine 
"knot"o  It  should  be  noted  that  the  binding  site  sequences 
present  in  Figure  13  (residues  160  to  172  and  181  to  191) 
possess  half-cystine  residues «,  These  particular  residues 
(168  and  191)  are  known  to  form  intrachain  disulfide  bridges 
in  the  C-chain  with  half-cystine  residues  182  and  221, 
respectively,  (132)  Thus,  these  disulfide  bridges,  in 
addition  to  the  interchain  disulfide  bridge  between  the  B 
and  C  chains  (residues  136  and  201) ,  comprise  the  so-called 
serine  "knot",  (11)  The  postulated  substrate  binding  regions, 
therefore,  appear  to  be  particularly  attractive  candidates. 

Numerous  studies  have  unequivocally  demonstrated  the 
proximity  of  methionine- 192  to  the  active  site  of  CHT-A^  (42, 
47,48,76,88,91,92,156).  Transformation  of  the  hydrophobic 
thioether  side  chain  of  methionine  into  a  hydrophilic  side 
chain,  through  oxidation  to  the  sulfoxide  or  alkylation  to 
yield  a  sulfonium  salt,  has  been  shown  to  be  associated  with 
an  increase  in  the  Michaelis  constant  without  altering  the 
rate  constant  k^ .  Thus  me thionine- 192  appears  to  associate 
with  a  hydrophobic  region  involved  in  substrate  binding. 

Neurath  and  Hartley  (69)  have  postulated  that  two  try¬ 
ptophan  residues  form  a  "hydrophobic  slit"  to  accommodate  the 
aromatic  side  chains  of  phenylalanine,  tyrosine  and  tryptophan 
which  are  separated  from  the  asymmetric  carbon  by  a  methylene 
bridge.  The  observations  of  Abrash  and  Nieman  (70)  and  Almond 
et  al.  (71)  that  dimethyl  substitutions  on  the  p-carbon  of 
ATEE  completely  prevented  hydrolysis  of  the  chymotryptic 
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substrate  lend  support  to  the  "hydrophobic  slit"  hypothesis. 
The  proximity  of  one  or  two  tryptophan  residues  to  the  active 
site  of  CHT-A^  was  suggested  by  the  studies  of  Dixon  and 
Schachter  (76) .  ATEE  in  the  presence  of  hydrogen  peroxide 
caused  the  oxidation  of  methionine  180  and  192,  1  to  2 
residues  of  tryptophan  and  1  to  2  residues  of  half-cystine. 
The  tryptophan  residue (s)  destroyed  were  not  identified,  but 
it  appears  likely  that  residues  172,  207  and  216  may  have 
been  involved  since  these  residues  are  in  the  neighbourhood 
of  the  serine  "knot"  disulfide  bridges.  Tryptophan- 17 2  is 
particularily  interesting  since  it  is  a  component  of  the 
"methionine-loop"  -  a  homologous  structure  identified  in 
several  "serine"  enzymes  (12,14). 
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111 •  KINETIC  STUDIES  ON  THE  INHIBITION  OF  THE  CHYMOTRYPSINS 

WITH  BIFUNCTIONAL  REAGENTS , 

1 .  Introduction 

Knowledge  of  the  kinetics  of  a  reaction  between  an 
enzyme  and  an  inhibitor  is  a  necessary  prerequisite  before 
structural  studies  are  undertaken.  The  attainment  of  rapid 
inhibition  with  a  minimum  of  side  reactions  usually  necess¬ 
itates  the  manipulation  of  numerous  parameters  before  suitable 
conditions  are  obtained. 

Preliminary  studies  on  the  effect  of  pH  on  the  inactivation 
of  CHT-A^  and  CHT-B  with  various  bifunctional  reagents  were 
carried  out  in  order  to  obtain  optimum  conditions  for  the  in¬ 
activation  of  the  enzymes.  Structural  studies  designed  to 
elucidate  the  mode  of  inhibition  by  the  bifunctional  reagents 
were  conducted  on  the  inactivated  enzyme  prepared  according  to 
the  preliminary  pH  studies. 

A  more  definitive  study  on  the  rate  of  inactivation  of 
CHT-A^  was  performed  with  two  reagents  (L-l-tosylamido-2- 
phenylethyl  chloromethyl  ketone,  L-TPCK?  and  phenoxymethyl 
chloromethyl  ketone,  PMCK)  whose  modes  of  inactivation  had 
been  delineated.  The  results  obtained  with  L-TPCK  and  PMCK 
were  not  sufficiently  encouraging  and  informative  to  merit 
such  a  detailed  kinetic  study  of  the  other  reagents  employed 
in  this  research.  The  bifunctional  reagents  investigated  in 
the  present  studies  includes  L-TPCK  (C^H„ » CH^ » CH (NHSO^C^H^ ) . 
C0*CH^C1);  PMCK  (CrHc • 0 • CH_ - CO- CH  Cl)  and  a  homologous 
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series  of  phenylalkyl  chloromethyl  ketones  (CrH_ - [CH-1  . 
COC^Cl,  where  n  —  0,l,2)o  Reagents  comprising  the  homo¬ 
logous  series  were  chloroacetophenone  (CA,  n  =  0) ,  benzyl 
chlorome thyl  ketone  (BCK,  n  =  1) ,  and  p-phenyle thyl 
chloromethyl  ketone  ((3PECK,  n  =  2)  .  The  common  chemical 
names  were  used  for  the  first  two  reagents  in  the  series 
in  order  to  exclude  ambiguous  abbreviations  even  though  the 
classical  nomenclature  -  phenyl  chloromethyl  ketone  (n  =  O) , 
and  phenylmethyl  chloromethyl  ketone  (n  =  1)  -  was  more 
descriptive „ 

Earlier  studies  by  Enenkel  (129)  and  Parkes  (13)  in 
this  laboratory  revealed  that  CHT-B  was  inhibited  by  DFP 
and  diphenyl  carbamyl  chloride  at  a  much  slower  rate  than 
was  CHT-A^ „  The  bifunctional  reagents  synthesized  by  this 
worker  offered  an  opportunity  to  investigate  this  apparent 
resistance  of  CHT-B  to  inhibition „  Furthermore,  a  study  of 
the  effect  of  pH  on  inhibition  and  the  second  -  order  rate 
constants  of  inhibition  of  the  chymotrypsins  with  these 
reagents  enable  a  comparison  of  CHT-A^  and  CHT-B  on  a  kinetic 
basis  o 
2  o  Methods 

The  bifunctional  reagents  to  be  discussed  in  this  thesis 
were  synthesized  in  a  similar  manner  utilizing  the  Arndt- 
Eistert  reaction.  The  transformation  of  a  carboxylic  group 
(R°  COOH)  into  a  chloromethyl  ketone  group  (R«C0*CH2C1)  was 
the  common  synthetic  pathway  involved.  The  most  direct  syn¬ 
thetic  method  available  is  outlined  below  and  involves  the  use 
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of  a  highly  toxic  gas-diazomethane  (CH2N0) 


(i) 

R°  COOH 

+ 

PCI,- - 

D 

- ► 

R°  C0C1  +  P0C13  +  H 

(ii) 

R°  C0C1 

+ 

CH2N2'  ' 

- ► 

R°CO°CHN2  +  HC1 

Di azomethyl  Ketone 

(iii) 

CH0N0 

2  2 

+ 

HC1  - 

— ► 

CH0C1  + 

3  2 

(iv) 

r»cq°chn2 

+  HC1  — 

- ► 

r°co°ch2ci  +  n2 

Chloromethyl  Ketone 


The  starting  material  for  the  synthesis  was  either 
the  acid  or  the  acyl  chloride  depending  on  whether  or  not 
the  latter  was  commercially  available.  The  intermediate 
diazomethyl  ketone  could  be  isolated  if  the  acyl  chloride 
was  slowly  added  to  an  excess  of  CH2N2.  When  the  reagents 
were  added  in  this  manner  reactions  (ii)  and  (iii)  would 
predominate.  Formation  of  the  chloromethyl  ketone  (reactions 
(ii)  and  (iv))  was  promoted  by  adding  the  reagents  in  the 
reverse  order,  that  is,  the  diazomethane  was  added  to  an 
excess  of  the  acyl  chloride.  The  HC1  liberated  in  reaction 
(ii)  could  in  turn  react  with  the  diazomethyl  ketone  thus 
leading  to  the  chloromethyl  ketone  via  reaction  (iv)  .  Addi¬ 
tional  anhydrous  hydrogen  chloride  gas  destroyed  the  excess 
CH2N2  and  converted  any  remaining  diazomethyl  ketone  to  the 
chloromethyl  ketone. 

Excellent  reviews  dealing  with  the  chemistry  and  syn¬ 
thetic  application  of  diazomethane  have  been  written  by 
Eistert  (226)  and  Bachmann  and  Struve  (227). 

a.  Preparation  of  Diazomethane  (CH2N2) 

Diazomethane  was  prepared  using  N-me thyl-N-nitroso-p- 
toluenesulfonamide  as  the  source  of  the  reagent. 
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p-CH3C6H4SO?.N=CH3  +  NaOH  ► 

NO  (in  ether) 

p-CH3C6H4S03"Na+  +  CH^  +  HO 

Alternative  methods  utilizing  the  toxic  and  unstable  nitro 
somethylurea  were  not  satisfactory.  Gold  dilute  ethereal 
solutions  were  employed  in  all  synthetic  procedures. 

The  exact  quantity  of  CH^N^  present  could  be  readily 
determined  by  reacting  an  aliquot  of  the  ethereal  diazomethane 
solution  with  an  accurately  measured  excess  of  benzoic  acid  in 
ether. 

C,H  .  COOH  +  CH0N0  — *  C,Hc  .  C00CHo  +  N_ 

65  22  65  3  2 

The  remaining  benzoic  acid  was  titrated  with  dilute  sodium 

hydroxide  using  phenolphthalein  as  indicator.  Due  to  the 

toxic  nature  of  the  reagent ,  all  manipulations  were  performed 

in  a  fume  hood  equipped  with  an  efficient  exhaust  system. 

* 

b.  Synthesis  of  Bifunctional  Reagents 

N-Tosyl-L (and  D) -phenylalanine ,  prepared  from  L  (and  D)- 
phenylalanine  and  p-toluenesulf onyl  (tosyl)  chloride,  were 
transformed  into  their  crystalline  acyl  chlorides  by  reaction 
with  phosphorous  pentachloride .  These  acyl  chlorides,  in 
addition  to  phenoxyacetyl  chloride,  hydrocinnamoyl  chloride, 
phenylacetyl  chloride  and  anisoyl  chloride,  were  converted 
to  their  respective  chloromethyl  ketones  (L-TPCK,  D-TPCK, 

PMCK,  £PECK,  CA,  ACK)  by  the  reaction  with  a  molar  ratio  of 
CH2N2/R  C0C1  of  2/1  followed  by  treatment  with  dry  hydrogen 
gas.  L-l-N-methyl-N-tosylamido-2-phenylethyl  chloromethyl 

See  Appendix  D  for  detailed  description  of  chemical  synthetic 
procedures . 
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ketone  (N-me thyl-L-TPCK)  was  prepared  in  an  analgous  manner 
to  L-TPCK  except  that  a  molar  ratio  CH2N2/R»C0C1  of  9/1  was 
used  in  order  to  secure  N-me thylation  of  the  tosylamido 
group„  <<-chloroacetophenone  (CA)  was  purchased  from 
Eastman  Organic  Chemicals. 

Since  these  reagents  are  potent  skin  irritants,  care 
was  exercised  during  their  handling. 

The  purity  of  the  preparations  was  normally  based 
upon  two  criterion s  (1)  the  agreement  between  the  observed 
melting  point  and  the  melting  point  reported  in  the  literature, 
and  (2)  elemental  analyses.  In  addition  to  these  criterion, 
L-TPCK  and  D-TPCK  were  further  characterized  by  comparing 
their  molar  optical  rotatory  dispersion  spectra. 

It  should  be  noted  that  L-TPCK  prepared  in  this  labora¬ 
tory  was  found  to  be  contaminated  with  what  appeared  to  be 
L-l-tosylamido-2-phenylethyl  hydroxymethyl  ketone  (L-TPHK, 

C6H5 °CH2°CH(NHS02C7H7) *CO°CH2OH) .  Formation  of  L-TPHK  was 
attributed  to  a  sodium  bicarbonate  washing  of  the  ether-HCl 
solution  of  L-TPCK  at  the  completion  of  the  synthesis.  Bi¬ 
carbonate  washings  were  avoided  in  the  synthesis  of  D-TPCK 
and  other  chloromethyl  ketones. 

Kinetic  studies  reported  in  this  chapter  were  performed 
on  an  authentic  sample  of  L-TPCK  purchased  from  Sigma  Chemical 
Company.  Comparison  of  the  Sigma  L-TPCK  and  D-TPCK,  syn¬ 
thesized  in  this  laboratory,  was  performed  by  Dr.  C.M.  Kay 
using  a  Cary  60  Automatic  Recording  Spectropolarimeter .  The 
reagents  were  found  to  be  true  isomers,  being  equal  in  rotation 
and  opposite  in  sign. 
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Structural  investigations  reported  in  Chapter  IV  were 
conducted  with  CHT-A4-TPCK  and  CHT-B-TPCK  inhibited  by  L-TPCK 
prepared  in  this  laboratory,  L-TPHK,  being  chemically  un¬ 
reactive,  would  not  have  any  influence  on  the  structural 
studies  reported, 

c ,  Rate  Assay  of  Chymo trypsin 

Enzyme  activity  was  determined  by  a  "rate  or  efficiency" 
assay  using  an  excess  of  a  synthetic  substrate  N-acetyl-L- 
tyrosine-ethyl  ester  (ATEE)  (Mann  Research  Laboratories) 

(167),  Assays  were  routinely  performed  using  a  pH-stat  com¬ 
prised  of  a  Radiometer  TTTla  titrator  coupled  to  a  Radiometer 
Titragraph  type  SBR2C  (Copenhagen) ,  and  a  type  SBUla  syringe 
burette.  The  chymotryptic  ester  hydolysis  was  carried  out 
in  a  thermostated  reaction  vessel  designed  for  small  volumes 
into  which  a  single  stem  Radiometer  GK202IC  electrode  was 
inserted  (168),  An  aliquot  (2,5  mis)  of  0.01M  ATEE  in  0.01M 
tris.HCl  buffer,  pH8,0,  containing  0.01M  KC1  and  0.02MCaCl2 
was  used  for  enzyme  assay  at  25°.  Calcium  and  potassium  ions 
were  included  since  they  are  known  to  stabilize  the  chymo- 
trypsins  (13,169,170),  The  hydrolysis  of  ATEE  was  initiated 
by  introducing  100  |ils  of  a  dilute  chymotrysin-A4  (or  CHT-B) 
solution  (1,6  x  10~6M) .  The  proton  resulting  from  the  ioniza¬ 
tion  of  N-acetyl-L- tyrosine  was  titrated  automatically  at 
pH8, 0  with  0,2M  NaOH,  Setting  the  chart  speed  of  the  recorder 
at  10  mm/min  yielded  a  45°  tracing  representing  a  base  uptake 
of  approximately  8  pls/min.  Under  these  conditions  a  linear 
tracing  was  obtained  for  the  seven  minute  duration  of  the  assay. 
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Alkali  uptake  could  vary  from  4  to  11  |rl/min  without  seriously 

_  _  •  1 

affecting  the  k  calculation.  Increasing  the  amount  of  active 
enzyme  in  the  assay  led  to  a  non-linear  response  on  the  record¬ 
er  depicting  a  departure  from,  zero-order  reaction  conditions. 
Based  on  the  initial  slope  of  the  hydrolysis  and  the  milligrams 
of  enzyme  nitrogen  assayed,  chymotryptic  activity  was  expressed 
as  the  apparent  specific  zero-order  rate  constant  k  (meq.  sub¬ 
strate  per  ml e  hydrolysed  per  min  per  mg  enzyme  nitrogen  per 
1 

ml)  o  k^  was  readily  calculated  from  the  relationship: 

k^*  s  initial  slope  of  hydrolysis  in  ul/min  x  normality 

mg  of  enzyme  nitrogen/ml  ~  of  alkali 

where  mg  of  enzyme  nitrogen  was  determined  from  the  expression: 

%  nitrogen  x  10  x  absorbance  of  aliquot  x  volume  of 

1%  aliquot  in  ml. 

blcm 

The  %  nitrogen  and  E^'°m  of  CHT-A4  were  16.7  and  20.0  respect¬ 
ively  at  282  mji,  (10,  188),  and  16.0  and  18.7  respectively  for 
CHT-B  at  280  m|i.  (20)  .  The  k^  was  a  measure  of  the  residual 
enzymic  activity. 

3 .  The  Effect  of  Competitive  Inhibitors  on  the  Reaction  of 
CHT-Azl  with  L-TPCK  and  PMCK. 

(a)  Methods 

( i)  The  Inhibition  of  CHT-A/|  with  PMCK  in  the  Absence 
and  in  the  Presence  of  ft-phenylpropionate 

CHT-A4  (100  \il  of  a  3.2  x  10-4M  solution)  was  added  to 
each  of  three  2.0  ml  aliquots  of  a  0.05M  tris-maleate  buffer 
(0.05M  in  Ca Cl2,  pH  7.0,  4.8%  in  ethanol,  25°),  each  contain¬ 
ing  one  of  the  following:  (1)  0.005M  PMCK;  (2)  0.005M  PMCK 


Percentage  activity 


Figure  4a  The  inactivation  of  CHT-A^  by  phenoxymethyl 

chloromethyl  ketone  (PMCK)  in  the  absence 

(  # - «  )  and  in  the  presence  (  ■ - ■  )  of 

P-phenylpropionate.  Chymotrypsin  blank  is 
shown  by  open  circles  (  0—0  )  . 
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plus  0 . 2M  (3-phenylpropionate  and  (3)  no  additional  substances „ 

At  appropriate  intervals,  100  |i,l  aliquots  were  removed  and 
diluted  in  700  jjl!  of  5  x  10  HCl  at  0°.  Residual  chymotryptic 
activity  was  assayed  as  described  earlier  with  ATEE .  The  per 
cent  residual  activity  was  determined. 

(ii)  The  Inhibition  of  CHT-A4  with  L-TPCK  in  the  Pres¬ 
ence  of  D-TPCK  . 

The  incubation  solution  was  composed  of  a  1.6  x  10~5M 
CHT-A4  solution  in  0.05M  tris-HCl  buffer,  0.05M  CaCl2,  pH  7.2, 
containing  1.6  x  10“4M  L-TPCK,  1.6  x  10-4M  D-TPCK  and  200  |_il  of 
ethanol  (4%)  .  Aliquots  were  removed  at  5  minute  intervals  over 
a  40  minute  period,  diluted  in  cold  HCl  and  assayed  against 
ATEE.  The  apparent  first-order  rate  constant  was  obtained  from 
a  plot  of  log  residual  activity  versus  minutes. 

(b)  Results  and  Discussion 

The  protection  of  CHT-A4  against  PMCK  by  the  competitive 
inhibitor  (3-phenylpropionate  (185)  is  demonstrated  in  Figure  14. 
Following  a  24  hour  exposure  to  PMCK,  CHT-A4  possessed  only  1% 
of  the  activity  of  the  control.  f3-phenylpropionate,  which  is 
known  to  combine  reversibly  with  the  active  site  of  CHT-A4  (Kj= 
0.45  x  10  M) ,  effectively  retarded  the  inactivation  of  the 
enzyme  by  PMCK.  The  data  support  the  contention  that  PMCK  is 
truly  bifunctional  in  nature  and  is  bound  to  the  active  site 
prior  to  alkylation  of  histidine-57. 

Similar  studies  by  Schoellmann  and  Shaw  (104)  have  shown 
that  p-phenylpropionate  protects  CHT-A4  from  inactivation  by 
L-TPCK.  Erlanger  et  al_.  (33)  have  demonstrated  that  indole,  a 
competitive  inhibitor  (186) ,  completely  prevented  the  inactiva¬ 
tion  of  CHT-A4  by  diphenylcarbamyl  chloride. 
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Earlier  studies  in  this  laboratory  (13)  have  shown  that 
|3-phenylpropiona  te  and  indole  are  potent  competitive  inhibitors 
of  CHT-B,  Kj  =  1.7  x  10  ^  and  4.4  x  10  ^M,  respectively. 

Although  protection  by  these  reagents  has  not  been  demonstrated 
for  CHT-B  in  the  presence  of  PMCK  and  L-TPCK,  it  is  undoubtedly 
analogous  with  the  CHT-A4  system. 

Based  on  structural  studies  presented  in  Chapter  IV, 

{3-PECK  is  known  to  alkylate  residues  at  the  active  site  of  CHT- 
A4«  In  view  of  these  findings  and  the  competitive  inhibitor 
studies  just  discussed,  it  is  reasonable  to  conclude  that  the 
P-phenylpropionate  or  indole  could  successfully  protect  CHT-A4 
or  CHT-B  against  inactivation  by  this  bifunctional  reagent. 

Since  the  D-isomers  of  chymotryptic  substrates  are  cap¬ 
able  of  acting  as  competitive  inhibitors,  it  was  expected  that 
D-TPCK  could  retard  the  inactivation  of  CHT-A4  by  the  active 
isomer-L-TPCK .  The  apparent  first-order  rate  constant  for  the 

inhibition  of  CHT-A4  by  L-TPCK  at  pH  7.2  was  observed  to  decrease 

—4  _i  a  —1 

from  9.33  x  10  sec  to  7.70  x  10  sec  in  the  presence  of 
D-TPCK.  Although  the  D-isomer  appears  to  act  as  a  competitive 
inhibitor,  studies  to  be  presented  in  Chapter  IV  demonstrate  that 
D-TPCK  is  capable  of  alkylating  a  methionine  residue.  Interpre¬ 
tation  of  the  data  is  therefore  not  straightforward. 

4.  The  Effect  of  pH  on  the  Rate  of  Inhibition  of  the  Chymo- 

trypsins  with  Bifunctional  Reagents 

a .  Methods 

( i)  An  Approximation  of  the  Effect  of  pH  on  the  Inhibition 

of  the  Chymo trypsins  with  Bifunctional  Reagents 

The  application  of  this  method  was  particularly  useful  for 
preliminary  investigations  of  the  effect  of  pH  on  the  extent  of 
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inhibition  .  Although  less  rigorous  than  the  calculation  of  the 
apparent  first-order  rate  constant  at  specified  pH  values,  the 
method  could,  with  care,  yield  reliable  data, 

GHT-A^  (or  CHT-B)  was  incubated  in  a  series  of  buffer  at 
various  pH  values  in  the  presence  and  absence  of  an  inhibitor  at 
25°  for  one  hour  (L-TPCK)  or  for  24  hours  with  the  other  bifunc¬ 
tional  reagents  studied.  The  buffer  systems  used  exclusively  for 
these  experiments  were  0.05  M  glycine-HCl,  pH  3,0;  0.05  M  acetate, 
pH  4, 0-5,0;  0,05  M  tris-maleate,  pH  5. 2-8, 5  and  0.05  M  glycine- 
NaOH,  pH  9.0  (171)  ,  All  buffers  contained  0.05  M  CaCl2 .  Enzyme 
blanks  were  prepared  by  adding  the  reagents  in  the  following 
order;  2.0  mis  buffer,  100  |rl  of  ethanol  and  100  |J,1  of  stock 
enzyme  solution  (4.8  x  10~4M  in  water).  Similarly,  2.0  mis  of 
buffer,  50  (jl1  of  ethanol,  50  |rl  of  a  stock  inhibitor  solution 
(L-TPCK,  6.4  x  10”4M;  PMCK,  0.13  M;  pPECK,  0.063  M;  BCK,  0.16  M; 
CA,  0.064  M  in  ethanol)  and  100  [il  of  stock  enzyme  solution  com¬ 
prised  the  incubation  solution. 

Enzyme  assays  were  performed  as  indicated  earlier.  A 
plot  of  percent  inhibition,  corrected  for  autolytic  destruction 
of  the  chymo trypsins,  versus  pH  revealed  the  effect  of  pH  on 
inhibition . 

( ii)  The  Effect  of  pH  on  the  Rate  of  Inhibition  of  CHT-B 

with  L-TPCK  . . .  . . . ~  .  . 

The  effect  of  pH  on  the  rate  of  inhibition  of  CHT-B  with 
L-TPCK  was  obtained  using  acetate,  cacodylate,  tris  and  glycine 
buffers  (171)  of  0.05  M  concentration,  0.05  M  CaCl2,  and  4%  in 
ethanol.  Ethanol  concentrations  of  four  percent,  while  not 
detrimental  to  the  enzyme,  were  capable  of  solubilizing  suffic¬ 
ient  quantities  of  the  inhibitor  to  give  a  final  inhibitor-to- 
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enzyme  ratio  of  10/1 „  To  CHT-B  (1.6  x  10-5M)  in  5.0  ml  of  buffer 
was  added  200  \il  of  ethanol  and  the  pH  was  readjusted  to  the 
desired  value  when  necessary.  A  100  |ul  aliquot  was  removed  for 
the  blank  and  added  to  700  |il  of  5  x  10  HCl  at  0°  in  prepara¬ 
tion  for  enzyme  assay.  At  zero  time  a  25  (J,l  aliquot  of  L-TPCK  in 

-2 

ethanol  (3.2  x  10  M) ,  synthesized  in  this  laboratory,  was  added. 

Aliquots  (100  jul)  were  removed  at  suitable  time  intervals  over  a 

.  _  o  o 

period  of  90  minutes  and  diluted  in  700  |il  of  5  x  10  M  HCl  at  0  . 

The  HCl  was  sufficiently  strong  to  bring  the  pH  to  approximately 

3.  Assay  of  the  residual  CHT-B  activity  was  performed  with  a 

suitable  amount  of  the  cold  HCl  solution  to  yield  a  base  uptake 

of  near  8  |il/min.  (45°  tracing)  .  The  absorbancy  value  (A280  m|i)  , 

used  for  the  calculation  of  enzyme  nitrogen  concentration,  was 

determined  from  an  appropriate  dilution  of  the  incubation  mixture. 

The  apparent  first-order  rate  constant  was  obtained  from  a 
plot  of  log  residual  activity  versus  minutes. 

(iii)  The  Effect  of  pH  on  the  Rate  of  Inhibition  of  CHT-Aa 
with  L-TPCK  and  PMCK 

A  more  definitive  study  of  the  effect  of  pH  on  the  rate 
of  inactivation  of  CHT-A4  with  L-TPCK  and  PMCK,  involving  the 
determination  of  the  apparent  first-order  rate  constant  (kQbs) 
and  the  first-order  rate  constant  of  the  enzyme-inhibitor  complex 
decomposition  (k3) ,  was  performed  in  order  to  elucidate  the  nature 
of  the  group (s)  involved.  A  single  buffer  system,  0.05  M  tris- 
maleate  (171)  containing  0.05M  CaCl2,  was  utilized  over  the  pH 
range  5.2  to  8.6.  The  use  of  the  single  buffer  system  was 
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prompted  by  the  observation  that  phosphate  and  cacodylate 
buffers  strongly  suppressed  the  inhibition  of  CHT-A4  by  PMCK. 
A  disadvantage  of  the  tris-maleate  buffer  was  the  absorbance 
of  maleic  acid  at  280  m|i,  which  prevented  the  determination 
of  enzyme  concentration  in  the  presence  of  the  buffer.  To 
circumvent  this  problem,  the  enzyme  concentration  was  deter¬ 
mined  from  suitable  dilutions  of  the  stock  solution. 

An  aliquot  (100  (j.1)  of  a  stock  CHT-A4  solution  (4.8 
x  10  4  M  in  water)  was  added  to  3.0  ml  of  buffer  containing 
100  \il  of  ethanol  at.  25°,  The  pH  was  adjusted,  if  necessary, 
to  the  desired  value  and  a  100  |ul  aliquot  was  removed  as  a 

blank.  A  50  |_il  aliquot  of  a  stock  inhibitor  solution  (L-TPCK, 

_2 

1.06  x  10  M,  Sigma  Chemical  Co. 7  PMCK  0.336  M  in  ethanol) 
was  introduced  at  zero  time.  Over  a  suitable  period  of  time, 
(L-TPCK,  30  minutes;  PMCK,  3  hours)  100  \il  aliquots  of  the 
incubation  were  removed  and  added  to  dilute  solutions  of  cold 
HCl .  Enzyme  assays  were  performed  on  suitable  aliquots  of 
HCl  as  outlined  earlier. 

The  determination  of  the  effect  of  pH  on  the  rate  of 
inhibition  of  CHT-A4  by  PMCK  was  complicated  by  the  tardiness 
of  the  reaction  and  by  the  instability  of  the  inhibitor  at 
alkaline  pH.  Frequent  pH  adjustments  were  necessitated  when 
determining  the  first-order  rate  constant  at  pH  7.5  and  8.0. 
The  apparent  first-order  rate  constant  was  determined  as 
indicated  previously. 
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( iv)  Derivation  of  Kinetic  Relationships 
The  pathway  for  the  inhibition  of  the  chymotrypsins 
by  the  bifunctional  reagents  is  outlined  below: 

ki 

E  +  I  7 - >  El  - El' 


k 


2 


where  E  is  enzyme, 

I  is  the  bifunctional  reagent, 

El  is  the  non-covalently  bound  inhibitor-enzyme  complex, 
and  El'  is  the  covalently  bound  inhibitor-enzyme  complex. 


Now  let  total  enzyme  =  ET 


and 


free  enzyme 

K  =  (EF> (I) 
(El) 


and  et  =  Ep  +  El  +  EI' 

Ep  =  ET  -  El  -  EI' 

Hence,  K(EI)  =  (ET  -  EI  -  EI')  I 

=  -I  (El)  +  I(Et  -  EI') 

EI  =  (Et-EI')I 
K  +  I 


Now  d  (EI '  )  =  k3(El) 
dt 


k3(ET  -  EI')  I 
K  +  I 


Now  at  any  given  time  t,  the  uninhibited  enzyme 
(Et  -  EI')  was  estimated  from  ATEE  assays  so  that  the  veloc¬ 
ity  of  formation  of  EI',  that  is  dE^—  is  known. 

dt 


I  I  ;x  ll 
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Now  if  I  is  essentially  constant  during  the  reaction, 


then 

dt  kobs(ET  E-"-  ^ 

where 

k  =  k3I 

obs  K+I 

and  in  which  k^g,  the  apparent  first-order  reaction 
constant,  may  be  calculated  from  a  plot  of  log  (ET-EI‘) 
against  t. 


Now  if  I  »  K  CASE  A 

then 

kobs  =  k3  * 

then 

If  I  «  K  CASE  B 

dEI 1  _  k3  (ET-E I 1 )  I 
dt  K 

The  apparent  first-order  rate  constant  k  is  equal  to 
k^  I,  and  if  I  is  essentially  constant  (I  »E)  ,  the  second 

yT 

order  rate  constant  (k)  may  be  obtained  by  dividing  ko^s  by 


(X)  to 

yield  k3  . 

K 

If  I  ^  K  CASE  C 

then,  as  indicated  previously 


and 

dEI’  _  k3(ET  -  El')  1 
dt  K+I 

k  =  k3J 

obs  K+I 

and 


Percent  Inhibition 


Figure  15:  The  effect  of  pH  on  the  inhibition  of  CHT-A^ 

(® — ®)  and  CHT-B  {k  —  k)  with  L-l-tosyl- 
amido-2-phenylethyl  chloromethyl  ketone 
(L-TPCK)  . 
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Figure  16.  The  effect  of  pH  on  the  rate  of  inhibition  of 

CHT-B  (1.6  x  10“5  M)  with  L-TPCK  (1.6  x  10"4  M) 
at  25°.  The  ascending  arm  is  a  theoretical 
curve  based  on  the  ionization  of  a  group  of  pK 
=  6.3. 


r  .  i  -jii  1  9ff5  r.o  .  •  io  t:  .  I  I  S'u  ' 

-  910  •  w  •  ‘185  3 ifT  .(#—«!)) 

.  ri  .  fox:  ■  jt-  !  :  sort  >8  3 o'  £  J  ca 


Apparent  First-Order  Rate  Constant  kobsxlO  sec 


Figure  17- .  The  effect  of  pH  on  the  rate  of  inhibition  of 

CHT-A4 (1.6  x  10-5  M)  with  L-TPCK  (1.6  x  10“4  M) 

at  25°.  (# — m)  .  The  ascending  arm  is  a  theore¬ 

tical  curve  based  on  the  ionization  of  a  group 
of  pKa=6.5.  Data  of  Schoellmann  and  Shaw 
(  ■ - ■  )  (104)  . 
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Rearranging  yields 


By  determining  k  at  various  inhibitor  concentra¬ 
tions,  K  and  k^  may  be  obtained  from  the  slope  and  intercept 
of  a  plot  of  kQbs  against  JL  . 

From  the  limited  data  available  in  the  present  inves¬ 
tigation,  it  appears  that  the  rate  constants  were  obtained 

zfl)  ■ 

under  the  conditions  of  case  C;  that  is,  K  I.  Since  the 
variation  of  k0ks  as  a  function  of  I  has  not  been  measured 
in  the  present  studies,  the  apparent  first-order  rate  con¬ 
stants  reported  cannot  be  considered  as  a  measure  of  k3  but 

as  equal  to  . 

K+I 

Only  in  the  case  of  the  inhibition  of  CHT-A4  with 
L-TPCK  was  a  calculation  of  k3  possible  since  estimates  of 
K  were  available  from  the  work  of  Keith  and  Smillie  (174) . 

■  *.<•  .  .  ••'■ai ■- ''  .  >4**  ■<*•*  *«wv-  • 

b .  Results  and  Discussion 

( i)  The  Effect  of  pH  on  the  Rate  of  Inhibition  of  CHT-A^ 

and  CHT-B  with  L-TPCK 

Since  L-TPCK  predominately  alkylates  the  imidazole  group 
of  histidine  -  57  in  its  basic  form,  it  was  anticipated  that  the 
ascending  arm  of  Figures  16  and  17,  CHT-B  and  CHT-A4  respectively, 
might  depict  the  titration  curve  of  the  imidazole  side  chain  (105, 
106,  108)  »  The  curves  obtained  for  CHT-B  and  CHT-A4  correspond  to 
the  titration  curve  of  an  ionizable  group  of  apparent  pKa  of  6,3 
and  6.5  respectively.  The  effect  of  pH  on  the  inhibition  of  CHT-A^ 
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and  CHT-B  with  L-TPCK  (Figure  15)  supports  the  ionization  of  a 
histidine  residue.  The  discrepancies  between  the  data  and  the 
theoretical  curves  in  the  acidic  region  may  be  attributed  to 
various  factors.  It  has  been  shown  (Chapter  IV)  that  L-TPCK  is 
capable  of  reacting  with  methionine  -  192,  three  residues  re¬ 
moved  from  the  active  serine  residue.  Such  a  modification  would 

inhibit  CHT-A^  by  impeding  the  proper  orientation  of  substrate 

* 

in  the  active  site.  It  is  possible  that  in  the  acidic  region  of 
the  curve,  where  the  alkylation  of  histidine  is  retarded,  the 
formation  of  modified  methionine  could  become  quite  significant. 

v 

Since  CHT-B  contains  four  methionines  instead  of  two  present  in 

*.  i 

CHT-A^,  it  is  conceivable  that  modification  of  methionine  resi¬ 
dues  could  be  enhanced  and  thus  exert  a  greater  influence  on  the 
nature  of  the  ascending  arm  in  studies  with  CHT-B. 

The  effect  of  pH  on  the  binding  of  L-TPCK  to  the  chymo- 
trypsins  may  contribute  to  the  shape  of  the  ascending  arm. 

Hammond  and  Gutfreund  (96)  have  observed  that  the  Km  of  N-acetyl 
-L “ph eny l.a  1  a ni n e  ethyl  ester  is  invariant  between  pH  6.5  and  8.0. 
In  addition,  Cunningham  and  Brown  (95)  have  found  that  the  Km  of 
N-acetyl -L- tryptophan  ethyl  ester  is  independent  of  the  pH  between 
6.1  and  8.0.  However,  recent  spectral  studies  in  this  laboratory 
by  Keith  and  Smillie  (174)  have  indicated  that  the  Kj  of  L-TPCK 
varies  some  10-fold  between  pH  5  and  7.  In  view  of  the  variation 
in  affinity  of  CHT-A4  for  L-TPCK  as  a  function  of  pH,  the  binding 
of  the  inhibitor  could  strongly  influence  the  shape  of  curve  in 
the  weakly  acid  region. 

L-TPCK  prepared  in  this  laboratory  and  used  throughout  the 
pH- study  with  CHT-B  was  later  found  to  contain  an  inactive 
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by-product  which  was  suspected  to  be  l-L-tosylamido-2-phenyl- 
ethyl  hydroxymethyl  ketone  (L-TPHK)  .  The  presence  of  the  impur¬ 
ity  accounts  for  the  depression  in  the  apparent  first-order  rate 
constants  when  compared  to  values  in  Table  Va .  A  correction 
factor  (2018),  based  on  the  recovery  of  chlorine  in  the  elemental 
analyses  (Cl;  Cal,,  10.08%;  found,  4.63%)  can  be  employed  to 
bring  the  data  into  line  with  the  rate  constants  determined  with 
authentic  L-TPCK  (Sigma  Chemical  Co.) . 

The  presence  of  L-TPHK  could  contribute  to  the  discrepan¬ 
cies  between  the  data  and  the  theoretical  curve  shown  in  Figure 
16.  In  addition,  variations  between  the  ascending  arms  of  curves 
representing  the  effect  of  pH  on  the  inactivation  of  CHT-B  and 
CHT-A4  with  L-TPCK  may  be  due  to  the  presence  of  L-TPHK  in  the 
CHT-B  studies. 

The  apparent  pKa  of  6.3  and  6.5  controlling  the  ascending 
arm  in  Figures  16  and  17  respectively  is  in  agreement  with  numer¬ 
ous  studies  in  the  literature  which  suggest  the  ionization  of  the 
imidazole  group  of  histidine.  Previous  studies  conducted  on  the 
effect  of  pH  on  the  inactivation  of  CHT-A^  with  L-TPCK  by  Schoell- 
mann  and  Shaw  (104)  suggest  the  dependency  of  the  inactivation  on 
a  group  with  an  apparent  pKa  /^6.6.  Cunningham  (9.4)  and  Cunning¬ 
ham  and  Brown  (95)  showed  that  the  hydrolysis  of  ATEE  and  ATryEE 
were  dependent  on  a  group  with  a  pKa  of  6.7.  Extensive  studies 
from  Bender's  laboratory  (56,87,179)  suggested  that  a  residue 
possessing  a  pKa  ~  7,  which  varies  slightly  upon  acylation  and 
deacylation  of  the  enzyme,  is  a  histidine  residue.  Furthermore, 
Bernhard  and  Tashjian  (138)  have  recently  observed  that  the  pKa 
of  deacylation  of  indoleacryloyl-chymotrypsin  was  7.7  as  opposed 
to  7.1  for  cinnamoyl-chymotrypsin  (181).  Enenkel  (129)  has  ob- 
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served  that  a  group  with  an  apparent  pKa^7  controls  the  deacyla¬ 
tion  of  cinnamoyl-CHT-B .  It  is  interesting  to  note  that  Erlanger 
a_l.  (33,182,184)  have  obtained  a  curve  depicting  the  effect  of 
pH  on  the  rate  of  inactivation  of  CHT-A4  by  DPCC  which  is  remark¬ 
ably  similar  to  the  present  studies  with  CHT-A4  and  L-TPCK.  These 
workers  found  that  the  bell-shaped  curve  was  dependent  on  the  ion¬ 
ization  of  two  groups  with  apparent  pKa 1 s  of  6.6  and  8.7.  The 
fluctuations  in  the  pKa  of  the  histidine,  observed  in  the  preced¬ 
ing  studies  may  result  from  a  perturbation  arising  from  the  initial 
non-covalent  binding  of  the  inhibitor  or  acylating  agent  to  the 
enzyme  0 

The  pH  optimum  exhibited  in  the  curves  depicting  the  inhi¬ 
bition  of  CHT-B  and  CHT-A4  with  L-TPCK  are  not  identical.  CHT-B 
possesses  a  broad  maximum  extending  from  pH  7.2  to  8.0  which  could 
reflect  an  inherently  lower  pKa  for  the  imidazole  group  of  histi¬ 
dine  -  57.  Differences  in  the  affinity  of  CHT-B  and  CHT-A4  for 
L-TPCK  could  also  contribute  to  the  shape  of  the  curve. 

Although  the  data  of  Schoellmann  and  Shaw  (Figure  17)  par¬ 
tially  corresponds  to  the  ascending  arm  of  the  curve,  from  the 
present  studies,  the  pH  optimum  and  the  descending  arm  differ 
markedly.  A  pH-optimum.  between  7.5  and  8.1  appears  to  be  a  more 
realistic  value,  in  the  light  of  numerous  kinetic  studies  reported, 
than  is  the  value  of  pH  7.2.  In  the  absence  of  detailed  experi¬ 
mental  procedures,  one  can  only  assume  that  the  observations  of 
Schoellmann  et  jal.  (104)  for  the  effect  of  pH  in  the  alkaline 
region,  reflects  a  specific  buffer  effect  not  unlike  that  observed 
between  PMCK  and  cacodylate  buffer  (Figure  20) . 

The  descending  arms  of  the  bell-shaped  curves  of  CHT-A4  and 
CHT-B  with  L-TPCK  are,  interestingly,  very  similar.  Both  appear 
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to  be  dependent  on  a  group  with  an  apparent  pKa  9.  Three  poss¬ 
ibilities  exist  to  account  for  the  shape  of  the  pH-curves  in  the 
alkaline  regions  (1)  the  instability  of  L-TPCK  in  the  alkaline 
solution  could  lead  to  a  decrease  in  the  concentration  of  L-TPCK. 
Attack  by  a  hydroxide  ion  on  the  chloromethyl  moiety  could  produce 
the  inactive  hydroxymethyl  ketone  (L-TPHK) ;  (2)  ionization  of  the 
tosylamido  moiety 

+ 

c7h7so2nh-r  - ^  c7h7so2n-r  +  H 

would  introduce  a  negative  charge  onto  the  inhibitor  which  could 
disrupt  the  binding  of  L-TPCK  to  the  enzyme,  and  (3)  the  ioniza¬ 
tion  of  a  group  on  the  enzyme  which  influences  the  conformation 
of  the  active  site  could  result  in  a  decrease  of  the  enzyme  affin¬ 
ity  of  the  reagent. 

That  the  decomposition  of  L-TPCK  in  alkaline  medium  does 
not  account  for  the  reduction  in  activity  has  been  proven  by  kin¬ 
etic  studies  with  L-TPCK.  Preincubation  of  L-TPCK  at  pH  8.5, 
followed  by  an  adjustment  of  the  pH  to  7.0  and  addition  of  CHT-A4, 
yielded  the  identical  apparent  first-order  rate  constant  as  CHT-A4 
and  L-TPCK  at  pH  7.0  in  the  absence  of  the  alkaline  incubation.  A 
similar  result  has  been  recently  obtained  by  Bender  (173) . 

The  observed  decrease  in  the  inhibition  of  CHT-A4  by  L-TPCK 
at  alkaline  pH  was  attributed,  by  Schoellmann  and  Shaw  (104) ,  to 
the  ionization  of  the  tosylamido  group  (pKa ^  6.9  in  35%  aqueous 
dimethylf ormamide) .  However,  Bender  (173)  has  recently  obtained 
a  pKa  of  9.9  for  the  ionization  of  the  tosylamido  group.  Observa¬ 
tions  in  this  laboratory  support  a  pKa  value  above  9.5  for  the 
group.  Based  on  the  experimental  evidence  available,  it  seems 
likely  that  the  ionization  of  the  tosylamido  group  does  not 


First-Order  Rate  Constant  k^xlO 


Figure  18.  The  effect  of  pH  on  the  rate  of  inhibition 

of  CHT-A4  (1.6  x  10“5  M)  with  L-TPCK  (1.6 

x  10“4  M)  at  25°.  The  first-order  rate 
constant  (k^)  calculated  from  the  expression: 

—  ^obs  +  ^ 

I 

The  theoretical  curve  presented  is  based  on 
the  ionization  of  a  group  pKa=6.2. 
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con  tribute  to  the  observed  decrease  in  the  rate  of  inactivation- 
in  alkaline  medium . 

The  possibility  of  the  descending  arm  of  the  curve  depict¬ 
ing  the  effect  of  pH  on  the  inhibition  of  CHT-A4  and  CHT-B  with 
L-TPCK,  being  controlled  by  a  group  (pKa  9)  in  the  chymotrypsins 
is  particularly  attractive.  Erlanger  et  al.  (33,182,184)  have 
indicated  that  the  descending  arm  of  the  bell-shaped  curve,  show¬ 
ing  the  effect  of  pH  on  the  inactivation  of  CHT-A4  with  DPCC,  was 
controlled  by  a  group  with  an  apparent  pKa  of  8,7 .  This  value  is 
in  close  agreement  with  the  present  studies  on  L-TPCK0  Recently, 
Himoe  and  Hess  (222)  have  shown  that  the  decrease  in  the  hydroly¬ 
sis  of  N-acetyl-L -tryptophanamide  in  alkaline  medium  by  CHT-A4  was 
due  to  the  effect  of  pH  on  the  formation  of  the  enzyme-substrate 
complex  and  not  on  the  steady-state  kinetic  parameter-k_  , .  The 
pH  dependency  of  Km  (app)  implied  the  involvement  of  a  group  with 
an  apparent  pKa  of  9,  Additional  studies  cited  in  the  Introduc¬ 
tion  imply  that  the  group  possessing  the  pKa ^ 9  in  CHT-A4  is  the 
a-ami.no  group  of  isoleucine-16,  the  N-terminal  of  the  B  chain. 

The  amino  acid  sequence  of  CHT-A4  and  CHT-B  is  almost  identical 
in  this  region  of  the  two  molecules  (14) .  Interestingly,  the 
studies  of  Hofmann  and  Scrimger  (148)  and  Hofmann,  Gertler  and 
Scrimger  (228)  reveal  that  this  same  group  may  be  functioning  in 
trypsin  and  in  elastase. 

A  plot  of  k3,  the  first-order  rate  constant  (calculated 
from  k0]QS)  for  the  decomposition  of  the  El  complex  into  products, 
versus  pH  appears  to  resemble  the  theoretical  titration  curve  of 
a  group  with  a  pKa  of  6.2  (Figure  18) .  The  shift  in  the  pKa 
dependency  of  the  ascending  arm  of  the  curves  in  Figures  17  and 


Apparent  First-Order  Rate  Constant  ko]3Sxl0  sec 


Figure  19 .  The  effect  of  pH  on  the  rate  of  inhibition  of 

CHT-A4  (1.6  x  10"5  M)  and  PMCK  (5.64  x  10~3  M) 
at  25°.  The  theoretical  curve  presented  is 
based  on  the  ionization  of  a  group  pKa=6.3. 
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18  indicates  the  influence  of  the  Michaelis  constant  (Kj)  on  the 
pH  inhibition  studies. 

The  reduction  in  the  rate  of  inhibition  (kobs)  of  CHT-A4 
and  CHT-B  by  L-TPCK  in  the  alkaline  region  (Figure  17)  was  not 
observed  when  the  calculated  first-order  rate  constant  (k3)  was 
plotted  against  pH  as  shown  in  Figure  18 .  This  observation 
supports  the  contention  that  an  alteration  in  the  affinity  (Kj) 
of  the  chymotrypsins  for  L-TPCK  causes  the  decrease  in  the  rate 
of  inhibition  (kobs) „ 

(ii)  The  Effect  of  pH  on  the  Rate  of  Inhibition  of  CHT-A/i 

by  PMCK 

The  effect  of  pH  on  the  rate  of  inhibition  of  CHT-A4  by 
PMCK  is  presented  in  Figure  19.  Since  the  rate  of  reaction  of 
CHT-A4  with  PMCK  is  much  slower  than  with  L-TPCK,  the  apparent 
first-order  rate  constants  were  determined  over  lengthy  inter¬ 
vals,  particularly  in  the  acidic  region.  In  the  latter  region, 
the  limitations  of  the  method  began  to  manifest  themselves. 

The  ascending  arms  of  the  bell-shaped  curves  depicting  the 
effect  of  pH  on  the  inhibition  of  CHT-A^  with  PMCK  and  L-TPCK  are 
indeed  very  similar.  Though  the  apparent  pKa  (^6.3;  imidazole 
of  histidine  -  57)  for  the  PMCK-CHT-A4  system  is  lower  than  the 
pKa  obtained  with  L-TPCK  6.5),  the  difference  may  be  actually 
less  since  the  former  value  is  obtained  from,  a  curve  drawn 
through  scattered  points.  Similarities  in  the  curves  are  notable 
and  suggest  that  the  inhibitors  are  functioning  in  much  the  same 
manner.  The  parallelisms  observed  in  the  kinetic  studies  have 
been  extended  with  structural  studies  (Chapter  IV) .  The  observed 
rapid  decline  in  the  effectiveness  of  PMCK  as  an  inhibitor  as  the 
pH  is  increased  is  due,  at  least  in  part,  to  the  instability  of 


Percent  Inhibition 


pH 


Figure  20o  The  effect  of  pH  on  the  inhibition  of  CHT-A^ 

(  # - — #  )  and  CHT-B  (  ▲ - A  )  with  PMCK. 

Cacodylate  buffer  effect  on  CHT-A.  inhibition 
with  PMCK  (  m - m  )  . 


-85- 


PMCK  in  alkaline  solution .  It  has  been  found  that  preincubation 
of  PMCK  in  pH  8  buffer  for  24  hours  followed  by  adjustment  of  the 
pH  to  7  and  addition  of  CHT-A^,  resulted  in  the  recovery  of  90% 
of  the  enzyme  activity  24  hours  later. 

In  contrast  to  the  less  rigorous  pH  studies  presented  in 
Figure  20,  the  effect  of  pH  on  the  inhibition  of  CHT-A4  with  PMCK 
denotes  a  pH  optimum  of  7,5  rather  than  a  value  of  7.0,  This 
indicates  that  the  rate  of  inactivation  of  CHT-A4  at  pH  7,5  is 
greater  than  the  rate  of  alkaline  destruction  of  PMCK — a  result 
which  was  not  observed  in  Figure  20.  Certainly  the  data  presented 
in  Figure  19,  which  is  based  on  apparent  first-order  rate  con¬ 
stants,  is  the  more  reliable. 

An  unexpected  observation  was  the  effect  of  cacodylate 
buffer  (dimethylarsinic  acid  (CH3) 2ASOOH)  and  phosphate  buffer 
on  the  inhibition  of  CHT-A4  with  PMCK.  The  marked  depression  in 
the  percent  inhibition  is  shown  in  Figure  20.  In  order  to  com¬ 
pare  the  buffer  effects,  CHT-A4  was  incubated  with  PMCK  in  phos¬ 
phate,  cacodylate  and  tris  buffers  at  pH  7.0  for  20  hours.  The 
residual  activity  of  the  preparations  was  50%,  40%  and  10%  re¬ 
spectively.  Phosphate  and  cacodylate  buffers  probably  exert 
their  effect  by  reacting  with  the  chloromethyl  ketone  moiety  of 
PMCK.  Interestingly,  tris-maleate  buffer,  which  possesses  two 
acidic  groups,  pKa  1.83  and  6.07,  did  not  noticeably  alter  the 

inhibition  of  CHT-A4  by  PMCK. 

The  earlier  discussions  involving  the  ascending  arms  of 

the  bell-shaped  curves  of  CHT-A4  and  CHT-B  with  L-TPCK  are  appli¬ 
cable  to  the  studies  with  PMCK.  No  comment  can  be  made  as  to  the 
nature  of  the  group^ 
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enzyme  in  the  alkaline  range  since  extensive  data,  corrected  for 
alkaline  destruction  of  PMCK,  are  not  available 0 

( i i i)  The  Effect  of  pH  on  the  Inhibition  of  CHT-A^l  and 
CHT-B  by  gPECK 

The  effect  of  pH  on  the  inhibition  of  CHT-A4  and  CHT-B  by 
(3PECK  is  presented  in  Figure  21.  Although  the  ascending  arms  of 
the  curves  suggest  the  dependency  on  the  ionization  of  an  imida¬ 
zole  group  (CHT-B  apparent  pKa  /v>  5.6;  CHT-A^  apparent  pKa  ^  6.3)  , 
the  disparity  between  the  pKa 1 s  is  likely  not  as  great  as  it 
appears.  A  definitive  study,  based  on  the  determination  of  appar¬ 
ent  first-order  or  second-order  rate  constants,  would  be  a  more 
reliable  indication  of  differences  in  the  ascending  arms  of  the 
curves.  The  present  studies  suggest  that,  the  active  sites  of  CHT- 
B  and  CHT-A4  are  not  entirely  homologous.  An  inherently  lower  pKa 
for  the  active  histidine  -  57  of  CHT-B  could  partially  account  for 
the  observed  curves. 

The  decrease  in  the  inhibition  in  the  alkaline  region  may 
not  be  dependent  on  a  group  with  pKa  9  as  was  observed  with  L- 
TPCK.  It  is  tempting  to  speculate  that  the  absence  of  an  acyl- 
amido  moiety  in  PPECK  was  the  cause.  However,  since  the  curves 
were  not  constructed  from  the  more  rigorous  apparent  first-order 
rate  constant  data,  such  interpretations  are  rather  tenuous. 

( iv)  The  Effect  of  pH  on  the  Inhibition  of  CHT-A^  with  BCK 

A  brief  study  of  the  effect  of  pH  on  the  rate  of  inhibition 

of  CHT-A4  with,  benzyl  (phenylmethyl)  chloromethyl  ketone  (BCK)  is 
presented  in  Figure  22.  As  witnessed  in  previous  pH  studies,  the 
ascending  arm  of  the  bell-shaped  curve  only  suggests  the  ioniza¬ 
tion  of  the  imidazole  group  of  histidine.  Structural  studies 
indicate  that  BCK  reacts  with  CHT-A4  in  a  manner  similar  to  PPECK 


60 

50 

40 

30 

20 

10 

0 


3,0  4.0  5.0  6.0  7.0  8.0  9.0 

PH 


igure  23 


The  effect  of  pH  on  the  inhibition  of  CHT-A. 

with  CA. 


-87 


except  0o2  residues  of  histidine  rather  than  0.4  residues  are 
alkylated,  respectively.  The  instability  of  BCK  in  alkaline 
media  appears  to  be  reminiscent  of  PMCK,  with  a  sharp  drop  in 
percent  inhibition  after  pH  7o0. 

( v)  The  Effect  of  pH  on  the  Inhibition  of  CHT-Aa  with  CA 

The  effect  of  pH  on  the  inhibition  of  CHT-A4  with  CA 
(C6H5 oCO .CH2CI) ,  shown  in  Figure  23,  cannot  be  readily  interpre¬ 
ted,,  Structural  and  chemical  studies  conducted  on  CHT-A4-CA  pre¬ 
pared  at  pH  7,5  revealed  that  methionine-192  was  the  sole  residue 
alkylated  under  these  conditions  (Chapter  IV) .  That  a  similar 
situation  exists  at  lower  pH-values  is  suspected,  but  experimental 
support  is  lacking*  The  apparent  suppression  of  alkylation  from 
pH  3  to  5  could  reflect  an  alteration  in  the  affinity  of  CHT-A^ 
for  CA  induced  by  a  discrete  conformational  change  in  the  vicinity 
of  the  active  site.  Alternatively,  the  curve  could  represent  the 
stability  of  the  methionine-sulf onium  salt,  decomposition  being 
favoured  at  acidic  pH  values.  It  is  possible  that  the  "surface" 
methionine  (residue  192)  could  react  readily  with  CA  between  pH 
3  and  8.  The  rapid  reduction  in  the  percent  inhibition  in  the 
alkaline  region  (pH  9)  was  presumably  due  to  the  displacement  of 
the  chlorine  atom  by  an  hydroxide  ion. 

5 .  Apparent  First-Order  Rate  Constants  for  Bifunctional  Reagents 

with  the  Chymo trypsins 

(a)  Methods 

A  stock  solution  of  CHT-A4  or  CHT-B  (1.6  x  10-oM)  was  pre¬ 
pared  by  dissolving  5.0  mg  of  enzyme  in  12.5  ml  of  0.05  M  Tris-HCl 
buffer  containing  0.05  M  CaCl^f  pH  7.2  at  25°.  Two  aliquots  (5.0 
ml)  were  added  to  test  tubes,  250  |il  of  ethanol  was  added  to  each 
tube,  and  the  solutions  were  incubated  at  25°  for  five  minutes. 
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The  pH  was  readjusted  to  7.2  and  100  [il  aliquots  were  removed  as 
blanks  and  added  to  700  \il  of  5  x  10~3  M  HCl  at  0°,  A  50  |ul  ali¬ 
quot  of  a  stock  inhibitor  solution  in  ethanol  (L-TPCK,  1,65  x  10”2 
M;  PMCK,  0,58  M  ,*  £PECK,  0,17  M;  BCK,  0.32  M;  CA,  0,33  M)  was  added 
at  zero  time.  Aliquots  (100  pi)  of  the  solution  were  removed  at 
appropriate  times  and  added  to  dilute  HCl  as  before.  Samples  were 
removed  from  the  L-TPCK  incubations  over  a  30  minute  period,  from 
the  PMCK  incubation  over  a  period  of  2  hours,  and  from  the  f3PECK, 
BCK  and  CA  incubations  over  a  period  of  3  hours.  Suitable  ali¬ 
quots  of  the  cold  HCl  solution  were  assayed  against  2.5  ml  of  0.01 
M  ATEE  at  pH  8,0,  25°.  Enzyme  concentrations  were  determined  from 
the  absorbance  of  appropriately  diluted  stock  enzyme  solutions. 

The  apparent  first-order  rate  constant  was  determined  from  a  plot 
of  log  residual  activity  versus  minutes. 

(b)  Results  and  Discussion 

Apparent  first-order  rate  constants  for  CHT-A4  and  CHT-B 
with  various  bifunctional  reagents  are  presented  in  Table  Va . 

Plots  of  log  residual  activity  versus  minutes  for  the  inhibition 
of  CHT-A4  with  L-TPCK,  PMCK  and  PPECK,  BCK,  and  CA  are  shown  in 
Figures  24a,  24b  and  24c,  respectively. 

In  accord  with  earlier  observations  with  DFP  and  DPCC, 
(13,129)  CHT-B  was  found  to  be  inhibited  more  slowly  than  CHT-A 
with  the  reagent  L-TPCK.  This  resistance  towards  inhibition  was 
not  observed  with  PMCK  and  PPECK.  In  fact,  the  enzyme  proved  to 
be  more  susceptible  to  these  reagents  than  CHT-A4.  Scrutiny  of 
the  structural  features  of  the  various  reagents  suggests  an  ex¬ 
planation  for  this  phenomenon.  Diphenylcarbamyl  chloride,  DFP 
and  L-TPCK  possess  groups  capable  of  binding  to  two  independent 
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sites  on  the  chymo trypsins ,  namely,  the  specific  binding  site  and 

the  acylamido  binding  site  accommodating  -R  and  -NHR^  respectively, 

1 

of  the  molecule  R.CH2CH(NHR  ).CO.X.  PMCK  (C6H^  a 0 . CH2 . CO 0 CH2Cl)  and 
(3PECK  (C^H^ 0CH2CH 2 oCO „CH2Cl)  are  only  capable  of  entering  into  a 

productive  complex  with  the  specific  binding  site  through  the  aro- 

* 

matic  moieties 0  Assuming  that  the  difference  in  the  rate  of  in¬ 
hibition  of  CHT-A4  and  CHT-B  is  primarily  due  to  an  alteration  in 
enzyme  affinity  for  the  bifunctional  reagents,  then  either  the 
specific  binding  site,  the  acylamido  binding  site,  or  both,  in 
CHT-B  are  not  homologous  with  CHT-A4.  If  the  specific  binding 
sites  in  the  chymotrypsins  are  identical,  then  one  would  expect 
PMCK  and  (3PECK  to  inactivate  the  enzymes  at  nearly  identical  rates. 
The  data  indicates  that  PMCK  and  (3PECK  inactivate  CHT-B  at  a  rate 
slightly  greater  than  for  CHT-A^ .  Although  the  mode  of  inhibition 
of  these  reagents  is  quantitatively  different  for  CHT-A^  (CHT-B 
has  not  been  investigated) ,  the  data  suggests  that  the  active 
sites  of  CHT-A4  and  CHT-B  may  not  be  identical. 

An  inherently  lower  pKa  of  the  histidine  residue  in  CHT-B 
could  contribute  to  the  increased  rate  of  inactivation  observed 
with  PMCK  and  (3PECK,  at  pH  7.2,  by  creating  a  larger  proportion 
of  uncharged  histidine  residues  to  react  with  the  chloromethyl 
ketone  group  of  the  reagents.  In  addition,  a  more  hydrophobic 
specific  binding  site  would  augment  the  increase  in  the  rate  of 
inactivation.  Support  for  the  latter  possibility  can  be  gleaned 

^Throughout  this  work  a  productive  complex  denotes  the  absorp¬ 
tion  of  the  reagent  on  the  enzyme  surface  in  such  a  manner  that 
an  irreversible  alkylation  of  an  active  center  residue  can  occur. 

A  non-productive  complex  might  well  occur  if  the  aromatic  side 
chain  of  the  reagents  was  bound  to  the  acylamido  site  thus  plac¬ 
ing  the  reactive  chloromethyl  ketone  moiety  some  distance  away 
from  a  catalytically  important  group. 
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from  the  observation  that  the  Km  of  ATEE  for  CHT-B  is  40%  less 
than  the  corresponding  value  with  CHT-A^  (13,176) .  Furthermore, 
the  K.j  of  indole  and  (3-phenylpropiona te  were  found  to  be  less 
for  CHT-B  (4.7  x  10~^M  and  1.7  x  10-^M,  respectively)  than  for 
CHT-A4  (8  x  10  and  2.5  x  10”^M,  respectively)  (13,186) .  In 
the  absence  of  more  extensive  kinetic  studies  with  CHT-B,  these 
interpretations  are  suggestive. 

Comparison  of  the  structural  features  of  the  bifunctional 
reagents  to  the  rate  at  which  they  inhibit  CHT-A4  and  CHT-B 
strongly  suggests  that  the  slower  rate  of  inhibition  of  CHT-B  by 
DPCC,  DFP  and  TPCK  is  manifested  through  the  acylamido  binding 
site.  The  observation  that  DPCC,  DFP  and  L-TPCK  react  with  CHT-B 
at  a  rate  5.0-,  9.1-  and  2.5-fold  slower  respectively  than  with 
CHT-A4,  indicates  that  CHT-B  may  have  less  affinity  for  these  re¬ 
agents.  Support  for  this  concept  is  obtained  from  PMCK  and  (3PECK 
which  are  capable  of  inactivating  CHT-B  at  an  enhanced  rate  when 
compared  to  CHT-A4.  This  is  presumably  due  to  the  absence  of  an 
acylamido  substituent.  Although  the  amino  acid  sequence  of  CHT-A4 
(11)  and  CHT-B  (14,177)  has  been  elucidated,  the  residues  compris¬ 
ing  the  binding  sites  in  these  enzymes  are  not  known.  Perhaps  the 
acylamido  site  in  CHT-B  differs  from  the  analogous  site  in  CHT-A4 
by  containing  an  aspartic  or  glutamic  acid  residue  in  the  place  of 
a  neutral  asparagine  or  glutamine  residue.  If  the  "histidine-loop" 
of  the  chymotrypsins  influences  the  acylamido  binding  site,  then 
the  finding  that  CHT-B  contains  two  negatively  charged  residues  in 
the  "histidine-loop"  as  opposed  to  only  one  in  CHT-A4,  is  in  accord 
with  more  hydrophilic  environment  at  the  acylamido  site.  Other 
regions  of  the  sequence  of  CHT-B  are  known  to  be  more  negatively 
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charged  than  corresponding  sequences  in  CHT-A^  and  could  well 
comprise  segments  of  the  acylamido  binding  site  (14) . 

The  ability  of  L-TPCK  (C6H5 .CH2CH(NHS02C7H7)  .CO.CH2Cl)  to 
inactivate  the  chymo trypsins  at  a  faster  rate  than  PMCK  (C^H^.O. 
CH20COCH2CI)  undoubtedly  resides  in  the  affinity  of  the  enzymes 
for  these  reagents .  Requirements  for  the  specific  binding  site 
are  adequately  met  by  the  phenylethyl  moiety  of  L-TPCK  but  the 
phenoxymethyl  moiety  of  PMCK,  containing  an  electronegative  oxy¬ 
gen  atom,  does  not  readily  facilitate  binding  of  the  reagent.  The 
tosylamido  group  of  L-TPCK  is  able  to  bind  to  the  acylamido  group 
through  a  combination  of  hydrogen  and  hydrophobic  bonds  thus  im¬ 
parting  additional  binding  energy  for  L-TPCK.  Although  free  rota¬ 
tion  exists  in  L-TPCK,  it  is  restricted  somewhat  by  the  bulky 
nature  of  the  tosylamido  substituent.  Limitation  of  the  degree 
of  free  rotation  within  the  molecule  reduces  the  number  of  con¬ 
figurations  in  which  L-TPCK  may  exist,  thus,  apparently,  favour¬ 
ing  the  particular  configuration  which  leads  to  the  alkylation 
of  the  histidine-57  residue. 

The  sluggish  nature  of  the  reaction  of  PMCK  with  the  chy- 
mo trypsins  appears  to  be  its  inability  to  bind  tenaciously.  Un¬ 
restricted  free  rotation  exists  in  PMCK  thus  retarding  proper 
orientation  in  the  active  site.  It  is  capable  of  binding  only 
through  one  aromatic  residue  instead  of  two  as  is  the  case  for 
L-TPCK.  Since  the  acylamido  binding  site  is  apparently  both 
hydrophobic  and  hydrophilic  (34,37,38,223)  it  is  likely  that  PMCK 
could  be  bound  to  this  site  in  an  unproductive  mode.  The  net 
effect  would  be  a  marked  reduction  in  the  rate  of  reaction  as  has 


been  observed. 
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(3 -phenyl  ethyl  chloromethyl  ketone  (C6H5 0CH2CH2 .CO .CH2Cl) 
closely  resembles  PMCK— a  methylene  bridge  in  the  former  replac¬ 
ing  an  ether  linkage  in  the  latter.  Introduction  of  the  methyl¬ 
ene  bridge  may  alter  the  inherent  reactivity  of  the  chloromethyl 
group  and,  in  addition,  may  lead  to  a  decrease  in  the  enzyme- 
inhibitor  Michaelis  constant  (Kj) .  Interpretation  of  the  kinetic 
data  for  PPECK  is  complicated  by  the  fact  that  the  mode  of  inact¬ 
ivation  of  CHT--A4  is  not  identical  to  L-TPCK  and  PMCK  (Chapter  IV)  . 

The  apparent  first-order  rate  constant  for  a-chloroaceto- 
phenone  (CA,  C^H^ .  CO  5>CH2Cl)  with  the  chymotrypsins ,  as  shown  in 
Table  V is  at  best,  an  approximation.  Considerable  scattering 

a 

of  the  points  was  obtained  when  log  residual  activity  was  plotted 
against  minutes  (Figure  24c) .  CA  has  been  shown  to  selectively 
alkylate  methionine-192  of  CHT-A^  to  form  a  sulfonium  salt  (Chap¬ 
ter  IV) .  Reduction  of  the  chymotryptic  activity  towards  ATEE  is 
attributed  to  a  decrease  in  substrate  affinity  (Kj^)  rather  than 
to  an  alteration  in  k3 .  Schramm  and  Lawson  (48)  have  shown  that 
CHT-A^,  modified  through  alkylation  by  a-bromoacetophenone,  con¬ 
tained  a  methionine  sulfonium  salt  residue  and  was  capable  of  re¬ 
acting  with  DFP  in  a  stoichiometric  manner.  The  rate  of  alkyla¬ 
tion  of  CHT-A4  by  cx-bromoacetophenone  (t^y2=15  minutes)  was  con¬ 
siderably  faster  than  the  observed  rate  of  alkylation  by  the 
a-chloro  derivative  studied  in  this  laboratory.  The  differences 
in  the  alkylation  rates  reflect  the  generally  higher  reactivity 
of  bromoethyl  ketones  due  to  the  ability  of  the  bromine  atom  to 
polarize  the  carbon-halogen  bond  thus  facilitating  nucleophilic 
attack  by  the  lone  pair  of  electrons  of  the  sulfur  atom  of 
methionine „ 


' 


r  >ir.c; •  r  o  on  .  .  •  < 


r  v  <  H  -+  '  .  '  -  >  ’  • 

.  iX'. 4  ■  ■  ff  (e  .  ■  .&  i 


A-  C:  -  . 


..  .'t  i  :•  m  .  l  3 


■ 


)  9,r.  qc  .•  p  d  i:  .  V-  3  >  r.  . 


-93- 


Modification  of  methionine-192  by  oxidation  (76,88,91) 
has  revealed  an  alteration  in  substrate  binding  as  the  cause  by 
the  observed  decrease  in  enzymatic  activity  when  assayed  with  a 
"rate  or  efficiency"  system  (ATEE) .  The  enzymes  retained  full 
activity  when  an  " all-or-none"  assay,  using  trans-cinnamoylimi- 
dazole,  was  performed  and  were  capable  of  reacting  with  DFP . 

6  a  Conclusions 

From  the  kinetic  studies  presented,  several  conclusions 
may  be  drawn.  The  pKa  of  the  "active"  histidine-57  residue  in 
CHT-B  appears  to  be  lower  than  the  corresponding  histidine  resi¬ 
due  in  CHT-A^.  This  was  suggested  by  the  acid  shift  of  the 
ascending  arm  of  the  curves  portraying  the  effect  of  pH  on  the 
inactivation  of  CHT-B  by  L-TPCK,  PMCK  and  pPECK  when  compared  to 
the  corresponding  curves  for  CHT-A^  which  were  obtained  under 
identical  conditions.  The  observed  disparity  in  the  pKa  of  his¬ 
tidine  may  be  restricted  to  alkylation  or  acylation  of  the 
enzymes  since  studies  in  this  laboratory  (129)  have  indicated 
that  deacylation  of  cinnamoyl -CHT-B  and  cinnamoyl-CHT-A^  are 
dependent  on  groups  possessing  identical  pKa ' s . 

The  ascending  arm  of  the  bell-shaped  curves  depicting  the 
effect  of  pH  on  the  apparent  first-order  rate  constant  of  inhibi¬ 
tion  of  CHT-A4  by  L-TPCK  and  PMCK  were  essentially  identical  to  a 
theoretical  titration  curve.  The  data  suggests  the  dependency  of 
the  inhibition  on  a  group  of  pKa/^6.5  and  6.3,  respectively.  That 
the  pKa  observed  is  indicative  of  the  ionization  of  the  imidazole 
group  of  histidine-57  is  supported  by  amino  acid  analyses  and 
structural  studies  (Chapter  IV) .  Similar  observation  and  deduc¬ 
tion  pertain  to  the  effect  of  pH  on  the  inactivation  of  CHT-A^  by 
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Possibly  the  specific  binding  site  and  most  likely  the 
acylamido  binding  site  of  CHT-B  is  not  homologous  with  CHT-A4. 

The  specific  binding  site  of  CHT-B  may  be  more  hydrophobic  in 
nature  than  the  corresponding  site  in  CHT-A^.  This  is  inferred 
from  the  slightly  enhanced  rate  of  inactivation  of  CHT-B  by 
(3PECK  and  PMCK.  The  resistance  of  CHT-B  to  inactivation  by  L- 
TPCK,  BFP  and  DPCC  appears  to  be  imposed  by  the  acylamido  bind¬ 
ing  site.  It  is  suggested  that  this  particular  region  in  CHT-B 
may  be  more  hydrophilic  in  nature  due  to  the  abundance  of  nega¬ 
tively  charged  residues  present  in  the  enzyme. 

Of  particular  interest  was  the  finding  that  the  descend¬ 
ing  arm  of  the  curve  representing  the  effect  of  pH  on  the  appar¬ 
ent  first-order  rate  constant  (k0ks)  of  inhibition  of  CHT-A4  and 
CHT-B  by  L-TPCK  was  dependent  on  a  group  with  a  pKa/~9.  The  in¬ 
stability  of  L-TPCK  and  the  ionization  of  the  tosylamido  group 
were  rejected  as  factors  contributing  to  the  observed  reduction 
of  inhibition  in  the  alkaline  region.  The  inhibition  of  the 
chymotrypsins  by  L-TPCK  in  this  region  may  be  controlled  by  the 
ionization  of  the  a-amino  group  of  isoleucine-16,  the  N-terminal 
of  the  B-chain.  Recent  studies  by  Himoe  and  Hess  (222)  suggest 
that  the  ionization  of  this  group  imposes  discrete  conformational 
alterations  in  the  active  center  which  lead  to  a  decrease  in  the 
affinity  of  the  enzyme  for  its  substrate.  That  a  similar  influ¬ 
ence  is  operating  in  the  binding  of  L-TPCK  to  the  chymotrypsins 
was  supported  by  the  observations  that  the  calculated  first-order 

rate  constant,  k3,  did  not  decrease  in  the  alkaline  region. 

The  reagents  studied  appear  to  be  truly  bifunctional  in 

nature.  Competitive  inhibitors  such  as  (3-phenylpropiona te  are 
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capable  of  protecting  the  chymotrypsins  from  irreversible  in¬ 
activation  by  L-TPCK  and  P.MGK,  This  infers  that  the  bifunction¬ 
al  reagents  are  non-covalently  bound  to  the  active  site  of  the 
enzymes  prior  to  covalent  attachment  through  the  chloromethyl 
ketone  group „ 

The  kinetic  studies  presented  suggest  new  avenues  of 
investigation  which  could  enhance  our  understanding  of  CHT-B. 
Determination  of  the  binding  constant  (Kj)  for  CHT-A4  and  CHT-B 
with  L-TPCK,  PMCK  and  p>PECK,  following  the  techniques  utilized 
by  Erlanger  jet  al,  (33)  and  Fahrney  and  Gold  (53),  would  be 
expected  to  reveal  a  difference  in  the  affinity  of  the  enzymes 
for  these  reagents.  Such  knowledge  would  reflect  the  nature  of 
the  binding  sites  (specific  and  acylamido)  in  the  enzymes. 

Although  our  knowledge  of  the  amino  acid  sequence  and 
the  catalytic  residues  in  the  active  site  of  CHT-B  is  quite 
extensive,  detailed  kinetic  studies  are  lacking.  The  present 
fragmentary  evidence  indicates  that  CHT-B  possesses  subtle 
variations  in  the  nature  of  the  active  site  as  compared  to 
CH.T-A4 .  A  more  definitive  study  directed  towards  a  comparison 
of  the  various  kinetic  parameters  of  CHT-B  and  CHT-A^  would 
possibly  yield  more  substantial  evidence  for  differences  in 
their  catalytic  activities. 
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IV.  ELUCIDATION  OF  THE  MODE  OF  INHIBITION  OF  THE  CHYMOTRYPSINS 
WITH  BIFUNCTIONAL  REAGENTS. 

1.  Introduction 

The  involvement  of  a  histidine  residue  in  the  chymotryptic 
hydrolysis  of  synthetic  substrates  has  been  inferred  from  kinetic 
(94,  96) ,  photooxidation  (88,  97)  and  alkylation  studies  (98) . 
Although  these  investigations  strongly  implicated  the  presence 
of  histidine,  unequivocal  evidence  was  not  obtained  until  the 
selective  alkylation  of  a  single  histidine  residue  by  L-TPCK 
was  demonstrated  by  Schoellmann  and  Shaw  (103,  104) .  This 
bifunctional  reagent  was  similar  to  the  chymotryptic  substrate 
N-tosyl-L- phenylalanine  ethyl  ester.  The  phenylalaninyl  side 
chain  and  the  tosylamido  group  enabled  the  reagent  to  be  bound 
to  the  enzyme  while  the  chloromethyl  ketone  group  formed  a 
covalent  linkage  with  a  residue  in  the  active  site.  Inhibition 
of  CHT-A^  by  L-TPCK  was  shown  to  be  stoichiometric  in  nature  and 
was  concomitant  with  loss  of  a  histidine  residue.  The  particular 
histidine  alkylated  by  L-TPCK  was  identified  as  histidine-57 
by  Smillie  and  Hartley  (105),  Posi^ilova  ejt  aJL.  (106)  and  Ong 
et  al.  (107,  108). 

Physiochemical,  kinetic  and  specificity  studies  in 
this  laboratory  by  Enenkel  and  Smillie  (6),  Smillie,  Enenkel 
and  Kay  (20),  Enenkel  (29)  and  Parkes  (13)  have  indicated  that 
CHT-B  is  similar  to  its  isozyme,  CHT-A4#  Smillie  and  Hartley 
(16,  17)  have  recently  shown  that  extensive  homologies  exist 
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around  the  disulfide  bridges  of  CHT-B  and  CHT-A^.  Since  CHT-A^ 
and  CHT-B  were  inhibited  by  DFP  and  DPCC,it  was  anticipated 
that  L-TPCK  would  lead  to  the  inactivation  of  the  B  enzyme  in 
an  analgous  manner  to  that  previously  demonstrated  for  CHT-A^. 

A  study  of  the  mode  of  inactivation  of  CHT-B  by  L-TPCK  was  sub¬ 
sequently  undertaken  in  an  attempt  to  obtain  information  on 
the  particular  residues  involved  in  the  active  site. 

An  investigation  into  the  stereospecificity  of  the 
reaction  of  CHT-A^  and  CHT-B  with  D-TPCK  was  prompted  by  the 
work  of  Kallos  (44,45)  who  showed  that  L-(and  D)  phenylalaninol 
ditosylate,  similar  in  structure  to  TPCK,  was  capable  of  in¬ 
hibiting  CHT-A^  irreversibly.  The  L-isomer  was  found  to  inacti 
vate  CHT-A^  2.5  times  more  rapidly  than  the  D-isomer.  However, 
the  nature  of  the  inhibition  has  not  been  elucidated.  In  view 
of  this  apparent  anomaly  it  was  of  interest  to  ascertain  the 
effect  of  D-TPCK  on  the  chymotrypsins . 

The  inhibition  of  CHT-A.  by  1, 2 -epoxy-3 -phenoxy propane 

.0.  4 

(C6H5.0.CH2.CH.CH2)  (EPOP)was  shown  by  Brown  anc^  Hartley  (42) 
to  arise  from  the  stoichiometric  S-alkylation  of  methionine-192 
Comparison  of  the  structures  of  L-TPCK  and  EPOP  reveals  that 
the  distances  between  the  side  chain  aromatic  group  and  the 
reactive  moieties  are  similar  yet  the  chloromethyl  ketone  of 
L-TPCK  alkylates  a  histidine  residue  whereas  the  epoxide  of 
EPOP  forms  a  sulfonium  salt  with  methionine-192.  A  molecule 
comprised  of  a  phenoxymethyl  side  chain  and  a  chloromethyl 
ketone  group  (C^H^ .o.CH2 . C0.CH2  Cl,  PMCK)  was  synthesized  in  an 
attempt  to  clarify  many  of  the  questions  which  arose  concerning 
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the  role  of  the  various  substituents  (phenylethyl,  phenoxy- 
methyl,  tosylamido,  chloromethyl  ketone,  and  epoxide)  in 
directing  the  alkylation  to  a  histidine  or  methionine  residue. 

In  particular,  it  was  of  interest  to  know  whether  or  not  the 
S-alkylation  of  methionine  was  directed  by  the  phenoxymethyl 
side  chain  or  if  it  was  a  result  of  the  stereochemical  con¬ 
figuration  of  the  three -membe red  epoxide  ring.  Since  PMCK 
was  void  of  an  asymmetrical  carbon  and  an  acylamido  substituent, 
the  role  of  these  moieties  could  be  investigated  through  a 
study  of  this  reagent.  The  replacement  of  a  methylene  bridge 
by  an  ether  linkage  in  PMCK  did  not  alter  the  spatial  arrange¬ 
ment  between  the  aromatic  and  chloromethyl  ketone  groups  when 
compared  to  L-TPCK.  This  internal  consistancy  was  expected 
to  aid  in  the  elucidation  of  the  role  of  the  various  substit¬ 
uents  of  the  inhibitors. 

The  critical  spatial  relationship  between  the  aromatic 
and  chloromethyl  ketone  moiety  on  the  bifunctional  reagent  which 
would  lead  to  the  alkylation  of  a  histidine  residue  in  CHT-A^, 
was  examined  by  employing  a  homologous  series  of  reagents 
CgHj.  •  [CH^  ]n  «C0*CH2C1  where  n  =  0,  1  and  2  methylene  bridges. 

These  reagents  appeared  to  be  capable  of  alkylating  CHT-A^  since 
they  were  either  identical  or  were  homologs  of  the  backbone 
structure  of  L-TPCK  and  corresponded  closely  to  the  chymotryptic 
competitive  inhibitor  p-phenylpropionate  (C^H,.  •  CH2CH2  •  COOH)  . 

The  aromatic  group  of  the  bifunctional  reagents  would  be  pre¬ 
dicted  to  bind  in  a  common  hydrophobic  region  thereby  replacing 
the  reactive  chloromethyl  ketone  moiety  at  various  positions  in 
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the  active  site.  Upon  elucidation  of  the  mode  of  inactivation, 
if  any,  through  a  combination  of  chemical  and  structural 
analyses,  it  was  expected  that  the  structural  requirements  of 
a  bifunctional  reagent  for  the  alkylation  of  a  histidine 
residue  might  become  apparent. 

Similar  studies  conducted  by  Schramm  and  Lawson  (48) 
on  a  series  of  phenylalkylamido  bromomethyl  ketones,  • [CH2Jn 

• NH* CO • CH2Br ,  where  n  =  0,  1  and  2  methylene  bridges,  revealed 
that  methionine  was  the  only  residue  alkylated  in  the  modified 
CHT-A^.  Comparison  of  the  two  homologous  series  revealed  that 
similar  spatial  arrangements  existed  between  the  aromatic  and 
halomethyl  ketones  for  two  members  from  each  series,  for 
example,  (3-phenylethyl  chloromethyl  ketone,  (PPECK,  C6H^‘CH2 
CH2*CO-CH2  Cl)  and  benzylamido  bromomethyl  ketone  (C^H^.C^. 
NH«CO«CH2Br) .  Since  a  methylene  bridge  does  not  possess  the 
hydrogen  bonding  and  electronegative  properties  of  an  -NH-group, 
it  was  of  interest  to  compare  the  mode  of  inactivation  of  the 
phenylalkyl  series  with  the  work  reported  by  Schramm  and  Lawson 
(48)  . 

The  definitive  studies  of  Gundlach,  Stein  and  Moore 
(229)  and  Crestfield,  Stein  and  Moore  (230)  on  the  inactivation 
of  ribonuclease  by  iodoacetic  acid  and  the  work  of  Heinrickson, 
Stein,  Crestfield  and  Moore  (231)  and  Heinrickson  (232)  on  the 
inactivation  of  ribonuclease  with  haloacids  of  varying  structures, 
indicated  that  alkylation  of  the  nitrogen-1  position  of  histidine 
-119  or  the  alkylation  of  the  nitrogen-3  position  of  histidine- 
-12  were  mutually  exclusive  and  were  concomitant  with  the  loss 
of  biological  activity.  Although  the  accessible  nitrogen-3 
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position,  rather  than  the  sterically  hindered  nitrogen  1 
position,  was  presumed  to  be  the  site  of  alkylation  of  L-TPCK 
on  histidine-57  of  CHT-A ,  experimental  evidence  was  lacking. 
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The  solution  to  this  problem  was  one  of  the  objectives  of  the 
present  investigations. 

Elucidation  of  the  mode  of  inhibition  of  the  chymo- 
trypsins  by  the  various  bifunctional  reagents  was  conducted 
on  enzyme  preparations  possessing  a  minimum  of  residual 
activity.  The  nature  of  the  amino  acid  alkylated  was  revealed 
by  amino  acid  and  methionine  sulfone  analyses  after  due  con¬ 
sideration  of  those  amino  acids  which  are  inherently  labile 
or  resistant  to  acid  hydrolysis. 

Preliminary  attempts  to  elucidate  the  site  of  alkyla¬ 
tion  of  L-TPCK  in  CHT-B  by  comparing  pronase  digests  of  the 
native  and  inhibited  enzyme  were  not  too  encouraging.  During 
this  period  of  the  study.  Dr.  B.S.  Hartley  at  the  Laboratory 
of  Molecular  Biology,  Cambridge,  England  developed  an  elegant 
diagonal  paper  ionophoretic  technique  for  the  isolation  and 
characterization  of  cysteic  acid  peptides.  Through  the  appli¬ 
cation  of  this  technique,  pairs  of  cysteic  acid  peptides  arising 
from  the  original  half-cystine  residues  could  be  readily  isol¬ 
ated  from  per  formic  acid  oxidized  peptic  digests  of  CHT-A^#  Of 
considerable  interest  was  the  finding  by  Brown  and  Hartley 
(93)  that  both  histidine  residues,  both  methionine  residues  and 
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the  "active  serine"  residue  of  CHTG-A  were  easily  isolated  as 
cysteic  acid  peptides.  The  two  histidines  in  CHTG-A  were 
found  to  be  adjacent  to  the  disulfide  bridge  42-58  and  were 
contained  in  the  peptides  indicated  below: 

Histidine  -  40  Peptide 

40  41  42  43  44  45  46 

HIS  -  PHE  -  CYS03  -  GLY  -  GLY  -  SER  -  LEU 

Histidine  -  57  Peptide 

56  56  57  58  59  60  61  62  63  64 

ALA  -  ALA  -  HIS  -  CYSC>3  -  GLY  -  VAL-  THR  -  THR  -  SER  -  ASP 

Identical  peptides  were  isolated  from  the  peptic  digests  of 
CHTG-B  by  Smillie  and  Hartley  (16,17) .  Using  this  technique, 
the  site  of  alkylation  of  L-TPCK  in  CHT-A^  was  readily  shown 
to  be  histidine  -  5 7'  by  Smillie  and  Hartley  (105,189)  . 

Methionine -180  and  -192  were  present  in  separate 
cysteic  acid  peptides  which  were  located  in  characteristic 
positions  on  the  diagonal.  S-alkylation  of  either  of  these 
residues  could  be  detected  by  the  alteration  in  mobility  of 
the  particular  peptide  due  to  the  presence  of  a  positive  charge 
contributed  by  the  sulfonium  salt.  Identification  of  methionine 
-192  as  the  site  of  alkylation  of  CHT-A^  by  EPOP  was  procured 
through  use  of  the  diagonal  technique  (42)  .  This  technique 
appeared  to  be  the  most  convenient  and  reliable  method  to 
study  the  mode  of  inactivation  of  CHT-A^  and  CHT-B  with  the 
bifunctional  reagents  and  was  utilized  extensively  in  the 
present  study. 

Throughout  this  study,  histidine  peptides  were  detected 

on  the  paper  ionograms  by  spraying  with  the  Pauly  reagent  - 

+  _ 

diazotized  sulfanilic  acid  (N=  N-C^H^-SC^)  .  The  chemistry  of 
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this  reaction  has  been  reviewed  by  Hofmann  (126) .  The  imida¬ 
zole  side  chain  of  histidine,  possessing  a  free  imino  group 
and  a  hydrogen  atom  on  carbon  2  or  4,  will  couple  with  diazo- 
tized  sulfanilic  acid  at  position  C2  or  C4  in  the  presence  of 
dilute  sodium  carbonate. 


REDDISH -ORANGE  AZO  DYE 


The  extensive  double  bond  conjugation  accounts  for  the  highly 
colored  product.  N-alkylation  of  the  imidazole  ring  prevents 
coupling  of  the  diazotized  aromatic  amine,  whereas  alkylation 
of  carbon  2  or  4  does  not  hinder  the  attainment  of  a  Pauly 
positive  reaction  since  coupling  could  readily  occur  at  the 
non-alkylated  carbon.  A  negative  Pauly  reaction  with  a  modi¬ 
fied  histidine  residue  would  therefore  infer  an  N-alkylation. 

2 .  Elucidation  of  the  Mode  of  Inhibition  of  the  Chymotrypsins 

with  L-TPCK  and  PMCK 

(a)  Methods 

(1)  Preparation  of  Inhibited  CHT-A^  and  CHT-B 
CHT-A4  -  TPCK  and  CHT-B  -  TPCK 

CHT-A4  or  CHT-B  (200  mgs)  was  dissolved  in  250  mis  of 
0.1  M  tris.HCl  buffer,  0.05  M  in  CaC^,  pH  7.5.  One  ml  of  the 
solution  was  removed  to  serve  as  a  blank.  To  the  solution  was 
added  7.5  ml  of  ethanol  followed  by  28  mg  of  L-TPCK  in  5  ml  of 
ethanol  to  give  a  molar  ratio  of  L-TPCK/ enzyme  of  10/1,  and 
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an  ethanol  concentration  of  5%.  The  solution  was  stirred  at 
room  temperature  for  2  1/2  hours  and  assayed  as  outlined  earlier 
(Chapter  III)  against  ATEE .  Residual  activity  of  the  enzymes 
was  found  to  be  about  5%.  The  solution  was  brought  to  pH3.0 
with  1M  HC1  and  dialyzed  for  24  hours  against  3x6  litres  of 
10  HC1  at  3°.  Following  the  removal  of  the  L-TPCK 
precipitate  by  use  of  a  millipore  filter  (0.8  ny)  ,  the 
solution  was  freeze -dried  to  yield  approximately  180  mg  of 
inhibited  protein. 

The  preparation  of  CHT-A^ -D-TPCK,  CHT-A^-N-Methy 1-L- 
TPCK  and  CHTG-L-TPCK  was  performed  in  a  similar  manner  to  the 
procedure  outlined  above,  except  that  CHT-A^  or  the  zymogen 
was  incubated  with  the  reagents  (Molar  Ratio  10/1)  for  a  24 
hour  period.  Enzyme  assays  (ATEE)  revealed  that  the  residual 
activity  was  89%  in  the  case  of  CHT-A^ -D-TPCK  and  81%  for 
CHT-A^-N-Methyl-L-TPCK.  The  potential  activity  of  CHTG-L-TPCK 
was  not  determined.  The  modified  enzymes  were  freeze-dried 
and  stored  at  -^20°  until  required. 

CHT-A„  -  PMCK  and  CHT-B  -  PMCK 

- —4  - 

The  preparation  of  PMCK  inhibited  CHT-A^  and  CHT-B 
was  performed  by  dissolving  200  mg  of  enzyme  in  250  ml  of 
0.05M  tris-maleate  buffer,  0.05M  CaCl2,  pH7.0.  After  removal 
of  an  aliquot  for  a  blank  (1  ml)  ,  7.5  ml  of  ethanol  and  369  mg 
of  PMCK  in  5  ml  of  ethanol  were  added  (molar  ratio  PMCK/enzyme 
250/1)  .  The  solution  was  stirred  for  24  hours  at  room  tempera¬ 
ture  and  assayed  for  residual  activity  with  ATEE.  The  enzyme 
solution  was  brought  to  pH3.0,  dialyzed  against  3x6  litres 
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3  o 

of  10  M  HC1  at  3  for  24  hours,  and  freeze-dried.  Approximate¬ 
ly  180  mg  of  the  inactivated-enzyme  (  1%  residual  activity)  was 
obtained . 

Incubation  of  trypsin  (50  mg,  Worthington  dialyzed  and 
freeze-dried)  with  PMCK  (184.5  mgs  molar  ratio  500/1)  in  50  ml 
of  0.05M  tris-maleate ,  0.05M  CaCl^/  at  pH7.0  and  5 %  with  respect 
to  ethanol  over  a  period  of  24  hours  yielded  no  greater  loss 
of  activity  than  trypsin  incubated  under  the  same  conditions 
in  the  absence  of  the  inhibitor.  Trypsin  was  assayed  using 
benzoyl-L-arginine  ethyl  ester  as  described  by  Enenkel  and 
Smillie  (6)  . 

(ii)  Amino  Acid  Analyses  and  Methionine  Sulfone 
Analyses 

Amino  acid  analyses  of  the  inhibited  chymotrypsins 
were  performed  according  to  the  method  of  Spackman,  Stein  and 
Moore  (239)  on  a  Beckman  120B  automatic  amino  acid  analyzer 
equipped  with  the  accelerated  system.  The  enzymes  (lmg)  were 
hydrolysed  with  1  ml  of  6N  HC1  (1:1  dilution  of  reagent  concen¬ 
trated  HC1)  in  a  sealed  evacuated  tube  (15  x  150  mm  or  12  x  125 
mm  Pyrex  glass)  at  110°  +  2°  for  20  hours.  Preparation  of  the 
hydrolysate  for  amino  acid  analysis  was  carried  out  according 
to  the  procedure  of  Moore  and  Stein  (2  33)  .  Hydrochloric  acid 
was  removed  on  a  Buchler  rotary  Evapo-mix  operating  at  50°. 

Air  oxidation  of  cysteine  was  accomplished  by  dis¬ 
solving  the  hydrosylate  in  0.5  ml  of  deionized  water  and  0 . 5  ml 
of  0.2M  phosphate  buffer  at  pH6 . 5 .  The  solution  was  covered 
and  left  to  stand  at  room  temperature  for  4  hours  after  which 
time  the  pH  was  adjusted  to  about  2  by  adding  60  \±1  of  1M  HC1. 
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The  volume  was  brought  to  2.5  ml  with  1.5  ml  of  0.2N  citrate 
buffer  pH2.2.  One  ml  aliquots  were  analyzed  on  the  11  cm 
basic  and  56  cm  acidic-neutral  column  of  the  amino  acid 
analyzer.  The  number  of  amino  acid  residues  recovered  from 
the  alkylated  CHT-A^  and  CHT-B  was  based  on  a  value  of  22.0 
residues  of  alanine  for  CHT-A^  (11,188)  and  CHT-B  (20). 

Methionine  sulfone  analyses  were  conducted  according 
to  the  method  of  Moore  (235) .  Per formic  acid  was  prepared 
by  adding  1  ml  of  30%  hydrogen  peroxide  (Baker  Analyzed 
Reagent)  to  9  ml  of  90%  formic  acid  (Fisher  Certified  Reagent) . 
The  solution  was  allowed  to  stand  at  room  temperature  for  one 
hour  and  was  then  thoroughly  chilled  in  an  ice-bath.  One  ml 
of  the  cold  performic  acid  solution  was  added  to  2.1  mg  of 
native  or  inhibited  CHT-A4  in  a  chilled  pyrex  test  tube 
(15  x  150  mm)  and  the  solution  was  allowed  to  stand  in  an 
ice-bath  for  four  hours.  The  oxidation  was  terminated  by 
adding  0.30  ml  of  48%  hydrobromic  acid  (Mallinckrodt  Chemical 
Works) .  Removal  of  the  acids  was  accomplished  on  a  Buchler 
rotary  Evapo-Mix  operating  at  40°  under  the  vacuum  supplied 
by  a  water  pump.  The  oxidized  enzyme  was  hydrolyzed  with  2  ml 
of  6N  HC1  in  a  sealed,  evacuated  tube  for  20  hours  at  110°  +  2°. 
The  residue  remaining  after  the  HC1  was  removed  was  dissolved 
in  1.6  ml  of  0.2  M  citrate  buffer  pH2.2.  For  the  analysis  of 
methionine  sulfone/  a  250  ul  aliquot  was  applied  to  the  acidic- 
neutral  column  (55  cm)  of  the  Beckman  120  Automatic  Amino  Acid 
Analyzer.  Since  methionine  sulfone  (maximum 2, 0 residues)  emerges 
at  the  tailing  edge  of  aspartic  acid  (maximum  23  residues) ,  the 
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amount  of  hydrolysate  applied  to  the  column  is  quite  critical. 

The  recovery  of  cysteic  acid  reported  relative  to  assumed  22.0 
residues  of  alanine  was  corrected  for  94%  yield  according  to 
Moore  (235) . 

(iii)  Diagonal  Paper  Ionophoresis 

A  definitive  discussion  of  the  Diagonal  paper  ionophoresis 
technique  has  been  recently  published  by  Brown  and  Hartley  (132) . 
The  experimental  methods  to  be  presented  herein  are  designed 
to  acquaint  the  reader  with  the  technique. 

Native  (or  inactivated)  chymotrypsin  A^  or  B  (40  mgs)  was 
incubated  overnight  (16  hours)  with  4  mg  of  pepsin  in  10  ml  of 
5%  formic  acid  at  37°.  Since  pepsin  is  relatively  non-specific, 
the  digests  of  the  chymotrypsins  were  essentially  free  of  the 
insoluble  "core"  material  so  commonly  associated  with  trypsin 
digests.  Moreover,  the  pH  of  2  required  for  peptic  hydrolysis 
stabilizes  the  disulfide  bonds  of  the  cystine  peptides  formed. 

The  peptic  digest  was  spotted  as  a  5  x  40  cm  band  (1  mg/cm) 
in  the  center  of  a  full  sheet  of  Whatman  3MM  paper.  If  Whatman 
#1  paper  was  used,  the  digest  was  spotted  at  a  concentration  of 
0.4  mg/cm.  The  broad  band  of  spotted  material  was  sharpened 
along  the  centre  line  by  allowing  buffer  (pH6.5)  to  move  in 
slowly  from  both  sides.  The  rest  of  the  paper  was  wetted  and 
the  sheet  was  subjected  to  ionophoresis  at  pH6.5,  50  volts/cm 
for  one  hour.  After  the  paper  was  dried  at  30  -  40°,  3  cm 
side  strips  were  removed,  placed  on  a  glass  rack  and  oxidized 
in  a  partially  evacuated  desiccator  for  two  hours  in  vapours 
of  performic  acid  generated  from  a  mixture  of  98  -  100%  formic 
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acid  (19  ml,  British  Drug  Houses,  Reagent  Grade)  and  30% 
hydrogen  peroxide  (1  ml)  in  the  bottom  of  the  desiccator. 

The  oxidized  strip  was  sewn  onto  the  centre  of  a  second  sheet 
of  Whatman  3MM  (or  #1)  paper,  and  was  subjected  to  ionophoresis 
(pH6.5,  50  volts/cm,  one  hour  )  at  right  angles  to  the  original 
ionophoresis.  Staining  the  sheet  with  the  cadmium-n inhydrin 
dip  reagent  of  Heilmann  et  aj_.  (236)  and  developing  the  color 
at  60°  for  20  minutes,  yielded  the  familiar  diagonal  peptide 
map.  Peptides  which  were  unaltered  by  performic  acid  oxidation 
where  found  to  lie  in  a  line  diagonally  across  the  paper.  How¬ 
ever,  peptides  (cystine  containing)  which  had  acquired  a  neg¬ 
atively-charged  cysteic  acid  residue,  as  a  result  of  oxidation, 
were  found  as  pairs  or  sets  of  peptides  lying  off  the  diagonal 
and  migrating  to  the  anode.  Detection  of  histidine  -  containing 
peptides  was  accomplished  by  spraying  a  separate  diagonal  with 
the  Pauly  reagent  (see  Appendix  B) .  Purification  of  cysteic 
acid  peptides  in  sufficient  quantities  for  amino  acid  analyses 
and  sequence  studies  could  be  obtained  by  subjecting  the  parent 
cystine  peptide,  present  on  the  initial  ionophoresis,  to  an 
ionophoresis  at  pH1.8,  3.5  or  6.5  coupled  with  performic  acid 
oxidation . 

On  several  occasions  it  has  proven  useful  to  subject  the 
peptic  digest  of  an  enzyme  to  ionophoresis  at  pH6.5,  50  volts/ 
cm  for  an  extended  period  of  time  (up  to  three  hours) .  The 
ionophoresis  at  pH6.5  of  the  oxidized  side  strip  was  also  pro¬ 
longed  for  2  or  3  hours.  Under  these  conditions,  histidine 
peptides  and  peptides  in  the  active  serine  band  were  well  sep¬ 
arated  and  facilitated  interpretation  of  the  diagonal  (Figure  35) . 


TABLE 


Amino  Acid  Analyses 

of  CHT-A4-TPCK  and 

CHT-B-TPCK 

Amino  Acid 

CHT-A4a 

CHT-A4-TPCKb 

CHT-BC  CHT-B-TPCP 

Lysine 

14 

13.4 

10.6 

11.1 

Histidine 

2 

1.1 

2.0 

1.1 

Arginine 

3 

3.0 

5.1 

4.1 

Aspartic  Acid 

22 

21.0 

19.5 

19.7 

Threonine 

22 

21.7 

20.3 

21.7 

Serine 

27 

28.4 

20.6 

20.0 

Glutamic  Acid 

15 

14.9 

18.5 

18.9 

Proline 

9 

9.4 

12.7 

14.1 

Glycine 

23 

22.1 

22.4 

23.0 

Alanine 

22 

21.3 

22.0 

22. 0d 

Half-Cystine 

10 

10.2 

9.5 

9.7 

Valine 

23 

20.9 

23.5 

24.2 

Methionine 

2 

1.9 

3.8 

4.0 

Isoleucine 

10 

9.9 

8.5 

8.3 

Leucine 

19 

18.7 

18.6 

17.2 

Tyrosine 

4 

4.3 

3.2 

3.0 

Phenylalanine 

6 

6.1 

6.8 

7.1 

a9  Data  of  Hartley  (11) 

corrected  for  four 

amino  acids 

released 

during  activation  of 

CHTG-A. 

bo  Data  of  Schoellman  and  Shaw  (104) 

Co  Data  of  Smillie,  Enenkel  and  Kay  (20) 
do  Arbitrarily  assumed  as  22.0  residues. 
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Moreover,  peptides  containing  methionine  sulfoniura  salt 
residues  were  adequately  separated  from  the  corresponding 
native  peptides. 

Although  pH6.5  -  6.5  diagonals  were  used  throughout  the 
present  study,  diagonals  may  be  readily  obtained  using  pH1.8 
ionophoresis .  Under  these  acidic  conditions  the  peptic  digest 
and  the  oxidized  side  strip  must  be  positioned  near  the  anode 
since  all  peptides  will  possess  a  net  positive  charge.  As 
an  example  of  the  application  of  pHl.8  -  1.8  diagonals  to 
peptide  mapping,  the  reader  is  referred  to  a  recent  paper  by 
Smillie  and  Hartley  (189) . 

(b)  Chemical  and  Structural  Studies  on  L-TPCK  and  PMCK 

Inhibited  Chymotrypsins 

( i)  Amino  Acid  Analyses  and  Methionine  Sulfone  Analyses 

The  amino  acid  analyses  of  CHT-A^  -  TPCK  (104)  and  CHT-B 
-TPCK  are  presented  in  Table  V.  Comparison  of  the  analyses 
for  native  and  inhibited  enzymes  reveals  the  loss  of  approxi¬ 
mately  one  histidine  residue  following  the  inhibition  with 
L-TPCK.  The  data  presented  for  CHT-B-TPCK  is  the  result  of  a 
single  amino  acid  analysis.  The  apparent  loss  of  0.9  residues 
of  arginine  is  likely  due  to  poor  recovery  in  the  particular 
analysis.  Although  CHT-B  contains  one  ARG-ILE  and  two  ARG-VAL 
bonds,  it  would  not  appear  likely  that  these  bonds  would  be  acid 
resistant  since  only  peptide  bonds  in  which  the  carbonyl  group 
is  contributed  by  valine  or  isoleucine  are  known  to  be  resistant 
to  acid  hydrolysis  (204) .  However,  low  recoveries  of  arginine 
are  also  indicated  in  the  20  hour  hydrolysis  of  CHT-B-PMCK  shown 


in  Table  VIII. 
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TABLE  VII 


Amino  Acid  Analysis  of  CHT-A^-PMCK 


Amino  Acid 

20  Hour 
Hydrolysis^ 

70  Hour 
Hydrolysis 

Reported 

CHT-A4 

Lysine 

13.5 

13.3 

13. 4C 

14 

Histidine 

1.0 

1.0 

i.oc 

2 

Arginine 

2.9 

2.8 

2.9C 

3 

Aspartic  Acid 

21.5 

21.4 

21.  5C 

22 

Threonine 

20.7 

18.2 

21. 8f 

22 

Serine 

24.1 

17.5 

27. 0f 

27 

Glutamic  Acid 

14.9 

14.8 

14. 9C 

15 

Pro line 

9.0 

9.9 

9.0d 

9 

Glycine 

22.6 

22.4 

22. 5C 

23 

Alanine 

22. 0g 

tr> 

o 

• 

CNJ 

(N 

22. 0g 

22 

Half-Cystine 

9.3 

6.7 

9.3d 

10 

Valine 

21.1 

23.2 

23. 2e 

23 

Methionine 

2.0 

2.0 

2.0° 

2 

Isoleucine 

9.2 

10.0 

10.  oe 

10 

Leucine 

18.5 

18.5 

18. 5C 

19 

Tyrosine 

3.8 

3.6 

3 . 7C 

4 

Phenylalanine 

5.9 

5.9 

5.9C 

6 

a„  Average  of  three  analyses 

b0  Data  of  Hartley  (11)  corrected  for  four  amino  acids  released 
during  activation  of  CHTG-A. 

c.  Average  of  20  and  70  hour  hydrolyses 

d.  20  hour  value 

e.  70  hour  value 

fo  Extrapolated  to  zero  time 

g.  Arbitrarily  taken  as  22.0  residues 
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TABLE  VIII 

Amino  Acid  Analysis  of  CHT-B-PMCK 


Amino  Acid 

20  Hour 
Hydrolysis3 

70  Hour 
Hydrolysis 

Reported 

T_ 

CHTG-B 

Lysine 

10.5 

10.6 

10. 6C 

10.6 

Histidine 

1.0 

1.1 

i.ic 

2.0 

Arginine 

4.4 

4.7 

4 . 6C 

5.1 

Aspartic  Acid 

19.2 

19.1 

19. 2C 

19.5 

Threonine 

20.3 

19.3 

20. 8e 

20.3 

Serine 

18.8 

16.0 

20. 0e 

20.6 

Glutamic  Acid 

17.6 

17.6 

17. 6C 

18.5 

Proline 

13.1 

12.9 

13. 0C 

12.7 

Glycine 

22.1 

21.9 

22. 0C 

22.4 

Alanine 

22. 0f 

22. 0f 

22. 0f 

22.0 

Half-cystine 

8.7 

8.7 

8.7° 

9.5 

Valine 

23.1 

24.2 

24. 2d 

23.5 

Methionine 

3.5 

3.8 

3.7° 

3.8 

Isoleucine 

8.0 

8.5 

8.5d 

8.5 

Leucine 

17.8 

17.9 

17. 9C 

18.6 

Tyrosine 

3.0 

3.2 

3 . 1C 

3.2 

Phenylalanine 

6.4 

6.4 

6.4C 

6.8 

a.  Average  of  three  analyses 

b.  Data  of  Smillie,  Enenkel  and  Kay  (20) 

c.  Average  of  20  and  70  hour  hydrolyses 

d.  70  hour  value 

e.  Extrapolated  to  zero  time 

f0  Arbitrarily  taken  as  22.0  residues 
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Methionine  sulfone  analyses  conducted  on  native  CHT-A^ 
and  CHT-A^  modified  with  L-TPCK,  D-TPCK  and  N-me thyl-L-TPCK 
are  reported  in  Table  VI.  In  addition,  analyses  of  the 
methionine  sulfone  content  of  CHTG-A,  CHTG-A-L-TPCK  and 
CHTG-A-PMCK  are  included. 

Based  on  the  studies  of  Gundlach,  Moore  and  Stein  (229), 
on  the  stability  of  methionine  carboxymethylsulfonium  iodide 
in  per formic  acid,  and  on  the  studies  of  Moore  (235)  on  the 
formation  of  methionine  sulfone  by  per formic  acid  oxidation, 
the  apparent  reduction  in  the  recovery  of  methionine  sulfone 
strongly  suggests  the  presence  of  methionine  sulfonium  salts 
(^0.4  residues)  in  the  inhibited  CHT-A^.  Interestingly, 
about  0.3  residues  of  a  sulfonium  salt  appears  to  be  present 
in  the  CHTG-A^  which  has  been  incubated  with  L-TPCK  and  PMCK. 

The  results  of  extensive  amino  acid  analyses  of  CHT-A^- 
PMCK  and  CHT-B-PMCK  are  presented  in  Tables  VII  and  VIII 
respectively.  Of  significance  is  the  loss  of  one  of  the  two 
histidine  residues  in  both  PMCK-inhibited  chymotrypsins .  The 
reduction  of  enzyme  activity  in  CHT-A^  and  CHT-B  is  thus 
associated  with  the  alkylation  of  a  single  histidine  residue 
by  PMCK. 

Methionine  sulfone  analyses  conducted  on  CHT-A^-PMCK 
indicate  that  approximately  0.4  residues  of  methionine  sul¬ 
fonium  salt  are  present.  The  recovery  of  selected  amino  acids, 
based  on  alanine  as  220  residues  (11)  was  as  follows:  cysteic 
acid,  10.3;  methionine  sulfone,  1.6;  glutamic  acid,  14.6;  and 
glycine,  22.9  residues.  Although  methionine  sulfone  analyses 
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A1  is  histidine-40  peptide 
A2  is  histidine-57  peptide 

Figure  25.  Diagonal  peptide  map  of  the  peptic  digest 

of  CHT-A^.  Ionophoresis  was  at  pH  6.5  and 
50  volts /cm  for  one  hour  in  both  dimensions. 
Pauly  positive,  histidine  containing  peptides 
are  hatched.  Numbers  refer  to  the  half-cystine 
residues  from  which  the  peptides  were  derived 
(Brown  and  Hartley  (132)  ) . 
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were  not  conducted  on  CHT-B-PMCK  or  on  CHT-B-TPCK,  it  appears 
likely  that  methionine  sulfonium  salt  residues  are  present  in 
the  alkylated  B-enzyme.  The  increasing  recovery  of  methionine 
over  the  70  hour  hydrolysis  period  (Table  VIII)  could  reflect 
the  regeneration  of  methionine  from  a  sulfonium  salt.  Alter¬ 
natively,  however,  the  presence  of  an  acid  resistant  VAL-MET 
sequence  (residues  179-180  (14)  )  in  CHT-B  could  also  account 
for  the  observed  increase. 

(ii)  Diagonal  Peptide  Maps  of  Native  and  Inhibited 
Chymo trypsins 

The  diagonal  peptide  maps  of  the  peptic  digest  of  native 
CHT-A^  and  CHT-A^  inhibited  with  L-TPCK  and  PMCK  are  shown  in 
Figures  25  and  26  respectively.  Histidine  peptides  detected 
with  the  Pauly  reagent  -  diazotized  sulfanilic  acid,  are 
indicated  by  cross-hatched  areas.  Identification  of  the 
histidine-40  peptide  (Al)  and  histidine-57  peptide  (A2  and  A2^) 
was  based  on  an  amino  acid  analyses  of  the  purified  peptides 
(section  3)  and  on  the  studies  of  Hartley  (11),  Brown  and 
Hartley  (93,  132)  and  Smillie  and  Hartley  (16,17,189). 

Brown  and  Hartley  (132)  have  studied  in  detail  the  cysteic 
acid  peptides  present  on  the  diagonal  peptide  map  of  CHT-A^ 
(Figure  25) .  The  various  peptides  migrating  off  the  diagonal 
have  been  assigned  the  sequential  number  of  the  cysteic  acid 
residue  (s)  they  contain.  Exceptions  to  this  nomenclature 
are  peptides  Al  and  A2  which  contain  cysteic-42  and  cysteic-58 
respectively.  The  active  serine  residue-195  and  methionine-192 
are  found  in  peptide  191-201  in  the  so  called  active  serine 
band  (peptides  191-201,  220  and  136),  Me thionine- 180  is  present 


B1  is  histidine-40  peptide 
B2  is  histidine-57  peptide 


Diagonal  peptide  map  of  the  peptic 
digest  of  CHT-B0  Ionophoresis  was 
at  pH  6.5  and  50  volts/cm  for  one 
hour  in  both  dimensions. 

Pauly  positive,  histidine  containing 
peptides  are  hatched. 


Figure  27. 
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Figure  28.  Diagonal  peptide  maps  of  the  peptic  digests  of  CHT-B-TPCK 

Ionophoresis  was  at  pH  6.5  and  50  volts/cm  for  one  hour  in 
Pauly  positive,  histidine  containing  peptides  are  hatched. 
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in  peptides  168  and  168  -  182  well  removed  from  the  methionine- 
192  peptide. 

The  failure  of  peptide  A2^  (Figure  26)  to  react  with  the 
Pauly  reagent  suggested  N-alkylation  of  the  imidazole  ring  of 
histidine-57  (126) .  The  nature  of  peptide  A2^  from  CHT-A^- 
PMCK  was  intriguing  because  it  yielded  a  yellow  color  with  the 
Pauly  reagent.  Amino  acid  analyses  of  A2^  indicated  that  it 
was  identical  to  A2"*'  following  acid  hydrolysis. 

The  diagonal  peptide  maps  of  CHT-B  and  CHT-B  inhibited 
with  L-TPCK  and  PMCK  are  shown  in  Figure  27  and  28  respectively. 
The  position  of  the  histidine-40  peptide  (Bl)  and  the  histidine- 
57  peptide  (B2  and  B2^)  are  identical  to  the  positions  of 
peptides  Al,  A2  and  A2^  on  the  diagonal  peptide  maps  of  native 
and  alkylated  CHT-A^.  Peptide  B2^  corresponding  to  peptide 
A2^  from  CHT-A^-PMCK,  was  not  observed  on  the  diagonal  of 
CHT-B-PMCK  due  to  the  presence  of  additional  cysteic  acid 
peptides  in  the  same  region.  The  absence  of  discrete  bands  in 
this  particular  region  of  CHT-B-PMCK  in  addition  to  a 
characteristic  yellow  spot  obtained  with  the  Pauly  reaction, 
suggested  the  presence  of  peptide  B21^. 

It  should  be  noted  that  the  dihistidine  cystine  peptide 
of  native  CHT-A^  and  CHT-B  migrates  with  the  neutral  band 
during  the  first  dimension  ionophoresis  whereas  the  dihistidine 
cystine  peptide  from  the  alkylated  chymotrypsins  remained  at 
the  origin.  The  apparent  cause  of  this  alteration  in  mobility 
could  be  attributed  to  two  factors: 

1.  increase  in  the  molecular  weight  of  the  peptide  due 
to  the  TPCK  or  PMCK  substituent,  or  more  likely. 
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2.  a  lowering  of  the  pKa  of  the  imidazole  group  of 
histidine-57  through  inductive  effects  (-1), 
resulting  in  an  increase  in  the  net  negative  charge 
on  the  peptide. 

Alteration  in  the  mobilities  of  peptides  other  than  the 
dihistidine  cystine  peptides  and  specifically  histidine-57 
peptide  were  not  observed  on  the  diagonal  peptide  maps  shown 
in  Figure  26. 

(iii)  Peptide  Purification  and  Amino  Acid  Analysis 

Purification  of  the  histidine  peptides  from  CHT-A^  and 
CHT-B  and  from  the  alkylated  enzymes  was  obtained  by  following 
a  common  procedure. 

A  peptic  digest  of  the  native  or  alkylated  chymotrypsins 
was  spotted  (1  mg/cm)  as  a  40  cm  band  in  the  center  of  a  Whatman 
3MM  paper  and  subjected  to  ionophoresis  at  pH6.5,  50  volts/cm 
for  one  hour.  After  location  of  the  dihistidine  cystine  peptide 
by  staining  side  strips  with  the  Pauly  reagent  and  cadmium- 
ninhydrin,  the  peptide  was  cut  out  as  a  band  and  sewn  on  to 
another  sheet  of  Whatman  3MM  paper  (origin  10  cm  from  anode) 
and  further  purified  by  ionophoresis  at  pHl.8,  75  volts/cm  for 
30  minutes.  Location  of  the  histidine  peptide  was  again  obtained 
by  spraying  side  strips  with  the  Pauly  reagent.  The  Pauly 
positive  band  was  cut  out  and  oxidized  under  the  conditions  as 
outlined  earlier  for  the  diagonal  technique.  After  the  band 
had  been  dried  under  vacuum  over  NaOH  for  one  hour,  the  oxidized 
peptides  were  eluted  (234)  with  water  and  reapplied  a  distance 
of  22  cm  from  the  anode  of  a  sheet  of  Whatman  #1  paper.  The 
peptides  were  finally  purified  by  ionophoresis  at  pH3.5,  50 
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volts/cm  for  two  hours.  Figure  29  shows  the  purification  of 
histidine-40  and  histidine-57  peptides  from  native  and  alky¬ 
lated  chymo trypsins . 

The  histidine-40  and  histidine-57  peptides  from  native 
and  alkylated  chymotrypsins  were  cut  out  and  eluted  with 
water  (234)  into  a  10  x  75  mm  pyrex  test  tube.  An  equal 
volume  of  concentrated  HC1  was  added  to  the  eluents  and  the 
peptides  were  hydrolyzed  for  20  hours  at  110°  in  a  sealed 
evacuated  tube.  Following  the  removal  of  the  HC1  in  a 
dessicator  under  a  vacuum  provided  by  an  oil  pump,  the  residue 
was  dissolved  in  an  appropriate  volume  of  0.2N  citrate  buffer 
pH2.2  and  subjected  to  amino  acid  analysis. 

The  amino  acid  chromatogram  of  the  acid  hydrolysate  of 
histidine-57  peptide  from  CHT-A^-TPCK  is  shown  in  Figure  30. 

A  new  peak  appeared  in  the  vicinity  of  cystine.  Since  cystine 
residues  were  converted  to  cysteic  acid  residues  during  per- 
formic  acid  oxidation  and  since  histidine  was  not  present  in 
the  hydrolysate,  the  new  peak  suggested  the  presence  of  a 
modified  histidine  residue.  It  should  be  noted  that  Smillie 
and  Hartley  (105)  have  observed  the  presence  of  a  new  amino 
acid  on  a  two  dimensional  chromatogram  of  the  acid  hydrolysate 
of  the  performic  acid  oxidized  histidine-57  peptide  from 
CHT-A^-TPCK.  A  clue  as  to  the  nature  of  this  new  derivative 
was  first  gleaned  from  the  amino  acid  chromatogram  of  the 
acid-hydrolysate  of  histidine-57  peptide  from  CHT-A^-PMCK. 

The  analyses  of  the  histidine-57  peptide  isolated  from  CHT-A^ 
inhibited  with  two  different  bifunctional  reagents  were  analogous, 
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It  appeared  then  that  some  structural  aspect,  common  to  both 
PMCK  and  L-TPCK,  was  leading  to  the  formation  of  the  same 
unique  histidine  derivative.  Scrutiny  of  the  structure  of 
the  reagents  revealed  that  the  chloromethyl  ketone  moiety  was 


a  common  feature.  | 

l 

CrHc  *0*  CH0  •  C0*CHoCl 
6  5  2  |  2 

l 

C.Hc*CH0*CH  •  CO*  CHnCl 

6  5  2  |  i  2 

NH  ! 

I  ' 


PMCK 

L-TPCK 


Tosyl 

Examination  of  Figures  25  and  26  indicates  that  peptide 
A2^  is  very  acidic  and  possesses  a  mobility  some  2.5-fold 
greater  than  the  native  A2  peptide.  Two  possibilities  arise 
which  could  account  for  the  acid  nature  of  the  alkylated 
histidine  peptide,  A2^: 

1.  loss  of  a  positive  charge  on  the  peptide,  or 

2.  acquisition  of  a  negative  charge. 

If  it  is  assumed  that  the  pKa  of  the  imidazole  group 
could  be  reduced  to  5 . 5  by  an  uncharged  electron-withdrawing 
substituent,  then  the  alkylated  histidine-57  residue  would  be 
predominantly  unionized  at  pH6.5  and  thereby  devoid  of  a 
positive  charge.  An  estimate  of  the  net  charge  would  have 
placed  a  value  of  -2  on  the  peptide,  which  appeared  to  be 
insufficient  to  contribute  the  observed  mobility.  Moreover, 
the  net  charge  on  such  an  alkylated  histidine-57  peptide  would 
be  essentially  the  same  as  the  native  histidine-57  peptide  at 
pH3 . 5 .  The  observed  mobilities  of  thepeptides  at  pH3 . 5  (Figure 
disprove  the  possibility  that  an  uncharged  electron- withdrawing 
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substituent  was  present  on  the  imidazole  group  of  histidine-57. 

The  second  alternative  of  introducing  a  negatively 
charged  substituent  on  to  the  imidazole  ring  appeared  to  be 
quite  attractive.  Peracids  (RCO^H)  are  known  to  react  with 
ketones  to  form  esters  following  rearrangements.  (Hassall 
(238)  ) .  Subsequent  hydrolysis  of  the  ester  could  readily 
yield  an  acid.  Since  ketone  moieties  existed  in  the  TPCK  - 
and  PMCK  -  histidine  derivatives,  it  appeared  highly  probable 
that  this  group  could  be  rearranged  to  yield  an  ester.  Hydro¬ 
lysis  of  the  resulting  ester  during  the  two  hour  oxidation 
stage  was  highly  probable  since  the  paper  strips  were  thorough¬ 
ly  impregnated  with  formic  and  performic  acid  vapours.  These 
deductions  pointed  towards  the  formation  of  a  carboxymethyl 
derivative  of  histidine. 

Crestfield  et  aJ_.  (230)  have  shown  the  elution  position 
of  1-carboxymethylhistidine  to  be  between  glutamic  acid  and 
proline  and  3-carboxymethylhistidine  to  be  at  the  position  of 
cystine  on  the  amino  acid  analyses  system  of  Spackman,  Moore 
and  Stein  (239) .  The  position  of  the  unknown  peak  on  the  amino 
acid  chromatogram  (Figure  30)  of  TPCK-histidine-57  peptide 
corresponded  precisely  with  the  position  of  3-carboxymethyl¬ 
histidine  (3-CM  histidine) . 

Comparison  of  the  net  charge  and  the  migration  distances 
of  the  native  histidine-40  and  -57  and  the  alkylated  (3-carboxy 
methyl  histidine-57  peptide  at  pH  3.5  and  pH  6.5  provided 
additional  evidence  for  the  existance  of  a  3- carboxymethyl 
derivative  (Table  IX) .  Estimation  of  the  net  charge  was  based 


TABLE  X 


Amino  Acid  Analyses  of  Histidine  Peptides  from 
Native  and  Alkylated  CHT-A^. 


Histidine-40  Peptide 


Amino  Acid 

CHT- 

■A  a 

4 

cht-a4-tpck 

cht-a4-pmck 

Histidine 

1 

0.88 

0.80 

Cysteic  Acid 

1 

0.94 

0.95 

Serine 

1 

0.95 

1.05 

Glycine 

2 

1.93 

1.90 

Leucine 

1 

i.oob 

i.oob 

Phenylalanine 

1 

0.92 

0.90 

Histidine-57  Peptide 

Amino  Acid 

CHT- 

■A  a 
-24 

CHT-A^-TPCK 

CHT-A^-PMCK 

Histidine 

1 

— 

— 

Cysteic  Acid 

1 

0.96 

.93 

Aspartic  Acid 

1 

1.00 

1.03 

Threonine 

2 

1.92 

1.83 

Serine 

1 

0.96 

0.93 

Glycine 

1 

1.00 

1.07 

Alanine 

2 

2.00C 

2.00C 

3-Carboxyme thyl 

— 

0.96d 

0.90d 

Histidine 

Valine 

1 

0.96 

1.00 

a.  Data  of  Brown  and 

Hartley 

•  (93,  132) 

b.  Arbitrarily 

taken 

as  1.0 

residue 

c.  Arbitrarily 

taken 

as  2.0 

residues 

d„  Calculated  from  an  integration  constant  of  43.6  for 
glycine.  (Crestfield  et  aJ_.  (230)  ) 
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TABLE  XI 


Amino  Acid  Analyses  of  Histidine  Peptides  from 
Native  and  Alkylated  CHT-B. 

Histidine°40  Peptide 


Amino  Acid 

CHT“Ba 

CHT-B-TPCK 

CHT-B-PMCK 

Histidine 

1 

0.88 

0.90 

Cysteic  Acid 

1 

1.01 

1.10 

Serine 

1 

0.87 

0.75 

Glycine 

2 

1.98 

2.10 

Leucine 

1 

1.00 

i.oob 

Phenylalanine 

1 

0.96 

0.93 

Histidine- 

*57  Peptide 

Amino  Acid 

CHT-Ba 

CHT-B-TPCK 

CHT-B-PMCK 

Histidine 

1 

- 

- 

Cysteic  Acid 

1 

0.98 

0.91 

Aspartic  Acid 

1 

1.05 

0.98 

Threonine 

2 

1.79 

1.62 

Serine 

1 

0.91 

0.72 

Glycine 

1 

1.12 

1.13 

Alanine 

2 

u  1 
o 
o 

0 

CM 

2.00C 

3  “  C  a  r  b  o  xyxne  th  y  1 
Histidine 

— 

1.02d 

0 . 95d 

Valine 

1 

0.98 

0.98 

a.  Data  of  Smillie  and  Hartley  (17,  189) 
b„  Arbitrarily  taken  as  1.0  residue 
c.  Arbitrarily  taken  as  2o0  residues 

do  Calculated  from  an  integration  constant  of  43 „ 6  for 
glycine  (Crestfield  et  al.  (230)  ) 
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large  ly  on  the  work  of  Greenstein  (237)  on  dihistidine  and 
diaspartic  acid  peptides. 

Amino  acid  analyses  of  histidine-40  and  -57  peptides 
from  native  and  alkylated  CHT-A^  and  CHT-B  are  presented  in 
Tables  X  and  XI,  respectively.  The  insertion  of  3-CM 
histidine  in  the  tables  was  based  on  studies  to  be  presented 
in  the  following  section.  The  histidine-40  peptides  isolated 
from  native  and  alkylated  chymotrypsins  were  found  to  be 
identical.  However,  histidine-57  peptides  from  L-TPCK  and 
PMCK  alkylated  CHT-A^  and  CHT-B  were  not  analogous  to  the 
histidine-57  peptides  from  the  native  chymotrypsins.  In  all 
cases,  the  histidine  residue  in  the  alkylated  peptides  was 
recovered  as  its  3-carboxymethyl  derivative. 

(iv)  Characterization  of  the  3-carboxymethyl  Histidine-57 

Although  the  new  peak  present  on  the  amino  acid  chromato¬ 
gram  of  histidine-57  peptide  from  L-TPCK  and  PMCK  alkylated 
chymotrypsin  was  strongly  suggestive  of  3-CM  histidine,  un¬ 
equivocal  evidence  was  required.  To  obtain  such  evidence, 

3-CM  histidine  was  synthesized  from  ace tyl-L-histidine  and 
iodoacetic  acid  according  to  the  method  of  Crestfield,  Moore 
and  Stein  (230).  3-CM  histidine,  isolated  following  one 
crystallization  from  80%  ethanol  (Cal:  C,43.05;  H,4.98;  N, 
23.30.  Found:  C,  41.27;  H,  5.80;  N, 17.85)  was  dissolved  in 
0.2N  citrate  buffer  pH2 . 2  and  suitable  aliquots  were  analyzed. 
Figure  31  depicts  the  amino  acid  chromatogram  obtained  when 
duplicate  samples  of  the  acid  hydrolysate  of  histidine-57 
peptide  from  CHT-A^-PMCK  were  analyzed  in  the  absence  (A)  and 
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Figure  32.  Amino  acid  analysis  of  Histidine-57  peptides  from  native  and  alkylated 

Chymo trypsins.  Ionophoresis  was  at  pH  6„5  and  50  volts/cm  for  50  minutes 
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in  the  presence  (B)  of  a  known  quantity  of  authentic  3-CM 
histidine.  The  authentic  3-CM  histidine  is  seen  to  be  eluted 
in  precisely  the  same  position  as  the  new  peak  in  the  histidine 
-57  analysis.  Similar  experiments  conducted  with  the  amino 
acid  hydrolysates  of  histidine-57  peptides  from  CHT-A^-TPCK, 
CHT-B-TPCK,  and  CHT-B-PMCK  were  identical  to  the  chromatograms 
presented  in  Figure  31.  Quantitative  data  shown  in  Table  XII 
indicate  that  the  recovery  of  3-CM  histidine  contributed  by 
the  peptide,  in  the  absence  (Column  1)  and  in  the  presence 
(Column  2)  of  added  synthetic  3-CM  histidine  is  in  excellent 
agreement  with  the  duplicate  runs. 

Crestfield  e_t  _al.  (230)  have  shown  that  1-CM  histidine 
was  eluted  between  glutamic  acid  and  proline  on  the  chrom¬ 
atographic  system  of  Spackman  e_t  al.  (239)  .  No  evidence  of 
1-CM  histidine  was  obtained  from  the  analyses  of  histidine-57 
peptides . 

Additional  support  for  the  occurrence  of  3-CM  histidine 
in  the  alkylated  histidine-57  peptides  was  amply  furnished  by 
qualitative  amino  acid  analyses  utilizing  ionophoresis  at 
pH6.5.  This  system  was  particularly  appropriate  since  histidine 
(estimated  net  charge  0.7)  and  3-CM  histidine  (estimated  net 
charge  -0.3)  migrate  midway  between  the  origin  and  the  basics 
and  the  origin  and  acidics  respectively.  Loss  of  a  histidine 
residue  with  concomitant  formation  of  a  3-CM  histidine  residue 
was  easily  detected  by  ionophoresis  at  pH6.5  under  these 
conditions.  The  amino  acid  ionogram  presented  in  Figure  32 
again  confirms  the  presence  of  3-CM  histidine  in  the  histidine-57 


A1  is  histidine-40  peptide 
A2^  is  3-carboxymethylhistidine-57 
peptide. 

A21-Lis  the  phenoxymethyl  ester  of 
3-carboxymethylhistidine-57 
peptide . 


Figure  33.  Diagonal  peptide  map  of  the  peptic  digest 

of  CHT-A4-PMCK.  Ionophoresis  was  run  at 
pH  6.5  and  50  volts/cm.  First  dimension: 
3  hours.  Second  dimension:  2  hours. 
Pauly  positive,  histidine  containing 
peptides  are  hatched. 
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peptides  of  L-TPCK  and  PMCK  alkylated  chymotrypsins . 

Attempts  to  prepare  L-TPCK  -  histidine  and  PMCK  -  histidine 
derivatives  from  acetyl-histidine,  trif luoroacetyl-histidine  and 
free  histidine  were  unsuccessful.  Heinrickson  e_t  a_l.  (231) 
has  observed  that  the  extent  of  reaction  between  histidine  and 
bromoacetate  at  pH5.5  was  always  less  than  5%.  The  second 
order  rate  constant  of  the  reaction  with  L-histidine  on  N-l 


or  N-3  was  found  to  be 


Fur the rmore 


a  notable  decrease  in  the  rate  of  reaction  with  L-histidine  was 
observed  when  the  chain  length  of  the  oC-bromo  acid  was  extended 
from  two  to  three  or  more  carbon  atoms.  Korman  and  Clerke 
(240)  found  that  in  the  haloacetate  series  the  order  of  react¬ 
ivity  with  histidine  was  Br>I^>Cl.  The  inability  to  form  N1 
or  N3  alkylated  histidine  derivatives  with  L-TPCK  and  PMCK 
appears  to  be  due  to  the  inherent  unreactive  nature  of  the 
chloromethyl  ketones  (relative  to  bromomethyl  ketones)  coupled 
with  the  limited  solubility  of  these  reagents  in  acqueous 
ethanol  solutions. 


(c)  Discussion 


Inhibition  of  CHT-A^  and  CHT-B  with  the  bifunctional 
reagents  L-TPCK  and  PMCK  has  been  shown  to  be  predominantly 
associated  with  the  alkylation  of  the  nitrogen  3  position  of 
the  imidazole  ring  of  histidine-57.  Through  determination  of 
the  methionine  sulfone  content,  both  reagents  have  been 
implicated  in  the  partial  S-alkylation  of  a  methionine  residue. 
A  diagonal  peptide  map  of  CHT-A4~PMCK  on  Whatman  #1  paper, 
(Figure  33)  obtained  by  running  the  initial  pH6.5  ionophoresis 
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for  three  hours  and  the  second  dimension  ionophoresis  for 
two  hours,  revealed  traces  of  peptides  migrating  towards 
the  cathode  in  advance  of  the  active  serine  band.  Studies 
to  be  presented  in  Section  3  indicated  that  the  traces  of 
this  basic  band  were  due  to  the  presence  of  a  positive  charge 
contributed  by  the  sulfonium  salt  of  methionine-192.  It  can 
be  concluded  that  the  loss  of  methionine  sulfone  residues  and 
the  presence  of  trace  amounts  of  basic  active  center  peptides 
of  CHT-A^-PMCK  were  the  result  of  the  S-alkylati  on  of 
methionine-192  by  PMCK.  Although  L-TPCK  appears  to  alkylate 
CHT-A^  in  an  analogous  manner  to  PMCK,  diagonal  peptide  maps 
obtained  for  CHT-A^-TPCK  under  similar  conditions  to  those 
just  outlined  for  CHT-A^-PMCK,  failed  to  reveal  the  presence 
of  a  basic  active  center  band.  Possibly  the  instability  of 
the  sulfonium  salt  formed  by  the  reaction  between  L-TPCK  and 
methionine  accounts  for  the  apparent  absence. 

Alkylation  of  submolar  amounts  of  methionine  (possibly 
residue  192)  has  been  demonstrated  with  D-TPCK  and  N-methyl- 
L-TPCK.  These  reagents  were  not  capable  of  alkylating  histidine 
-57. 

Of  particular  interest  was  the  finding  that  L-TPCK  and 
PMCK  formed  methionine  sulfonium  salt  when  incubated  with 
CHTG-A.  Studies  of  Vaslow  and  Doherty  (18)  and  Neurath  and 
Deranleau  (19,  241)  have  indicated  that  the  substrate  binding 
site  is  functional  in  CHTG-A  and  is  similar  to  the  binding  site 
in  the  active  enzyme.  The  present  observations  support  the 
existence  of  a  binding  site  in  the  zymogen  since  the  bifunct¬ 
ional  reagents  could  be  readily  bound  to  CHTG— A  and 
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sub  sequent  ly  lead  to  the  S-alkylation  of  a  methionine 
residue  nearby. 

Brown  and  Hartley  (42)  have  found  that  l,2-epoxy-3- 
phenoxypropane  (EPOP) ,  a  reagent  similar  to  PMCK,  stoichio- 
metrically  inhibits  CHT-A4  by  virtue  of  the  S-alkylation 
of  methionine- 192 .  From  a  comparison  of  these  compounds 
(see  below)  it  is  possible  to  draw  certain  conclusions 
concerning  the  relative  importance  of  their  structural 
features  in  determining  the  site  of  alkylation. 


-  CH0  -  CH  -  C  -  CH0C1 

2  |  ii  2 

NH  0 

l 

Tosyl 

-  0  -CH0  -  C  -  CH~C1 

Z.  ii  z 

o 


L-TPCK 


PMCK 


Firstly,  the  asymetric  carbon  and  the  tosylamido  group 
are  unnecessary  for  alkylation  of  histidine-57.  However,  if 
these  are  present,  then  the  configuration  must  be  of  the  L-form 
for  proper  steric  fit.  Methylation  of  the  tosylamido  group 
of  L-TPCK  sterically  hinders  the  alkylation  of  histidine-57. 
Secondly,  the  replacement  of  the  phenylmethyl  group  by  the 
phenoxy  radical  is  not  effective  in  directing  the  alkylation 
to  the  methionine.  However,  the  proper  spacial  relationship 
between  the  aromatic  and  the  chloromethyl  ketone  which  leads 
to  histidine  alkylation  is  maintained  by  the  phenoxy  radical 
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of  PMCK.  It  is  clear  that  the  major  factor  determining  the 
site  of  attack  is  the  nature  of  the  alkylating  group. 
Apparently,  the  steric  requirements  for  the  approach  of  an 
alkylating  group  to  the  nitrogen  3  position  of  histidine-57 
are  sufficiently  restrictive  to  make  reaction  between  an 
epoxide  and  the  imidazole  nitrogen  impermissable .  The 
chloromethyl  ketone  derivatives  meet  these  requirements,  in 
whole  or  in  part,  and  alkylation  occurs.  Alternatively,  the 
differences  in  sites  of  alkylation  could  conceivably  be  due 
to  a  difference  in  the  reactivities  of  the  two  alkylating 
groups  towards  the  thioether  of  me thionine- 192  and  the 
imidazole  of  histidine-57.  However,  studies  with  PMCK  and 
an  homologous  series  of  bifunctional  reagents  (section  3) 
indicate  that  the  chloromethyl  ketone  moiety  can  alkylate  the 
methionine- 192 .  Thus  it  appears  that  steric  requirments  are 
the  controlling  factor  for  the  approach  of  an  alkylating  group 
to  the  nitrogen  3  of  histidine-57. 

The  stoichiometry  of  the  alkylation  of  CHT-A^  with  L-TPCK 
has  been  shown  by  Schoellman  and  Shaw  (104),  using  labeled 
l^C-TPCK,  to  be  0.96  moles  of  L-TPCK/mole  of  CHT-A^.  This 
figure  correlated  well  with  the  observed  loss  of  histidine 
residues.  However,  studies  presented  herein  indicate  that  a 
methionine  is  also  alkylated  by  L-TPCK  and  thus  would  necessi¬ 
tate  the  presence  of  , — '1.4  moles  of  L-TPCK/mole s  of  CHT-A4. 

The  discrepancy  could  arise  through  decomposition  of  the 
sulfonium  salt,  with  loss  of  the  tosylphenylalanine  moiety, 
prior  to  determination  of  the  stoichiometry  of  the  reaction. 


R— C— CH0—  N  N 

II  2  \  // 

0  V/ 


Performic  acid 

(Rate  determining  step) 


■ h+/h2o 


3-carboxymethylhistidine 


Figure  34.  Performic  acid  rearrangement  of  TPCK-  and 

PMCK-  histidine-57  to  yield  3-carboxymethyl 
histidine-57 . 

R  =  C6H5.CH2»CH  (NHS02C7H7)  —  or  C6H5.Q.CH2 — 
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Support  for  the  instability  of  the  TPCK-me thionine  sulfonium 
salt  may  be  procured  from  the  apparent  absence  of  a  basic 
active  serine  band  on  the  diagonal  peptide  map  obtained  by 
subjecting  the  peptic  digest  to  prolonged  ionophoresis  in 
both  dimensions. 

The  3-CM  histidine  isolated  from  acid  hydrolysis  of 
the  histidine-57  peptide  from  L-TPCK  and  PMCK  alkylated 
chymotrypsin  was  formed  through  a  classical  Baeyer-Villiger 
peracid  rearrangement  (242)  of  a  ketone  to  an  ester.  The 
site  of  the  rearrangement  was  the  ketone  moiety  of  TPCK- 
histidine  and  PMCK-histidine  derivatives.  The  reaction  of 
the  ketones  with  performic  acid  (HCOOOH)  likely  proceeds  via 
a  mechanism  suggested  by  Criegee  (243)  and  extended  by  Doering 
and  Dorfmann  (244)  (Figure  34) .  The  rate  -  determing  step  is 
the  acid  catalyzed  addition  of  the  peracid  to  the  carboxyl 
group  to  yield  a  hydroperoxide.  This  complex  dissociates 
(probably  in  a  concerted  manner)  to  give  an  electron-deficient 
oxygen  atom  which  rapidly  rearranges  with  cleavage  of  a  C-C 
bond  and  migration  of  an  alkyl  group  to  form  an  ester.  The 
migratory  aptitude  of  an  alkyl  group  is  normally  proportional 
to  its  capacity  for  electron  release  (i.e.  ability  to  delocalize 
a  positive  charge)  and  is  indicated  by  the  following  series: 
tert-alkyl  cyclohexyl  , — '  sec- alkyl benzyl  phenyl 

primary  alkyl  methyl.  Clearly,  the  groups  migrating  in  the 
present  study  were  the  L-l-tosylamido-2-phenylethyl  moiety  of 
L-TPCK  and  the  phenoxymethyl  moiety  of  PMCK.  The  ester  formed 
as  a  result  of  the  peracid  rearrangement  in  TPCK-hirtidine-57 
peptide  was  completely  hydrolysed  during  the  performic  oxidation 
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as  witnessed  by  the  presence  of  a  single  modified  3-CM 
histidine-57,  peptide  (A2^)  on  the  diagonal  peptide  maps 
(Figures  26  and  28) .  However,  the  ester  resulting  from  the 
peracid  rearrangement  of  PMCK-histidine-57  peptide  was 
incompletely  hydrolysed  during  oxidation  and  appeared  as  two 
peptides  A2^  (3-CM  histidine-57)  and  A21'*'  on  the  diagonal 
peptide  maps.  Curiously,  peptide  A2^  yielded  a  yellow-colored 
spot  with  the  Pauly  reagent.  Purification  of  peptide  A2^  was 
obtained  by  a  combination  of  ionophoresis  runs  at  pH  6.5  and 
pH  1.8.  Amino  acid  analyses  of  the  band  was  synonymous  with 
peptide  A2^.  Thus,  it  can  be  concluded  that  peptide  A2 ^ 
represents  the  ester  intermediate  shown  below. 


C.H,  .0.  CH~  -O.  CO  •  CH~  •  N  N 
6  5  2 

The  mobility  of  A2'*'\  relative  to  the  native  histidine-57 
peptide,  is  in  accordance  with  an  increase  in  the  net  negative 
charge  of  the  peptide  resulting  from  the  lowering  of  the 
imidazole  pKa  through  inductive  effects  (-1) . 

It  is  interesting  to  note  that  performic  acid  oxidation 
employed  in  the  vapour  state  (desiccator)  was  sufficiently 
mild  not  to  rupture  the  imidazole  nucleus.  However,  the 
rigorous  oxidation  conditions  prevalent  in  the  method  outlined 
by  Moore  (235)  destroyed  histidine. 

The  reagents  L-TPCK  and  PMCK  are  truly  bifunctional  in 
nature  and  require  an  active  chymo trypsin  before  alkylation 
of  histidine-57  will  occur.  Schoellman  and  Shaw  (104)  have 
demonstrated  that  L-TPCK  will  not  react  with  DIP-CHT-A^  or 
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CHT-A^  which  had  been  denatured  in  8M  urea.  Similarly, 
studies  in  this  laboratory  have  shown  that  urea  denatured 
chymotrypsin  is  not  susceptible  to  PMCK  alkylation.  Histidine 
residues  in  CHTG-A  are  not  altered  by  L-TPCK  or  PMCK  but  the 
formation  of  methionine  sulfonium  salts  arising  from  S-alkyla- 
tion  of  the  thioether  group  have  been  demonstrated.  The 
inhibition  of  CHT-A^  with  L-TPCK  and:  PMCK  is  delayed  in  the 
presence  of  a  competitive  inhibitor-p-phenylproprionate  —  thus 
indicating  that  both  reagents  are  bound  to  the  active  site  of 
the  enzyme  (104,  109) .  The  reagents  are  highly  selective  and 
will  not  inhibit  trypsin —  an  enzyme  closely  related  to  the 
chymotrypsins  but  differing  in  its  specificity  (12,150,151). 

L-TPCK  and  PMCK  must  be  considered  as  chymotryptic 
reagents  and  not  merely  reagents  to  alkylate  histidine  residues 
in  proteins.  Failure  to  accept  this  view  has  ledj.  to  mis¬ 
leading  conclusions  concerning  the  role  of  histidine  in 
thrombin  (251) . 

Enzymes  possessing  specificities  similar  in  nature  to  the 
chymotrypsins  would  be  anticipated  to  be  susceptible  to  these 
reagents.  Porcine  chymotrypsin  C  recently  studied  by  Folk 
el  al.  (252,  253)  is  an  obvious  example.  Gibson  and  Dixon 
(245,  246)  have  observed  that  two  "serine"  proteases,  isolated 
from  the  glandular  tissue  of  the  sea  anemone,  possessed  strong 
activity  in  hydrolyzing  ATEE  and  were  rapidly  inactivated  by 
L-TPCK.  Streptococcal  proteinase,  a  sulfhydryl  enzyme,  readily 
hydrolyses  the  synthetic  substrate  carbobenzoxy-PHE-PHE  (246) . 
This,  in  addition  to  the  dependency  of  the  hydrolysis  on  a 
group  with  pKa/^6.4,  suggests  that  the  enzyme  may  be  inhibited 
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by  L-TPCK. 

Following  the  design  which  lead  to  the  success  of  L-TPCK 
with  CHT-A^,  Shaw  ejt  _al.  (143,  248)  have  synthesized  chloro- 
methyl  ketone  derivative  from  N-TOSYL-L- lysine  (TLCK)  to  serve 
as  a  bifunctional  reagent  for  trypsin.  TLCK  was  demonstrated 
to  specifically  alkylate  the  nitrogen  3  position  of  a  histidine 
residue  by  employing  the  performic  acid  rearrangements  dis¬ 
cussed  in  this  thesis.  The  particular  histidine  alkylated 
was  found  to  be  residue  57  (254)  and  corresponds  to  the 
histidine-57  residue  alkylated  by  L-TPCK  and  PMCK  in  the 
chymo trypsins  (105,  109)  . 

3 .  Elucidation  of  the  Mode  of  Inhibition  of  CHT-A^  with 
a  Homologous  Series  of  Bifunctional  Reagents. 

(a)  Methods 

( i )  Preparation  of  CHT-A_^  Inhibited  with  a  Homologous 
Series  of  Bifunctional  Reagents. 

CHT-A^  (100  mg)  was  dissolved  in  250  ml  of  0.05  M  tris- 
HC1  buffer,  0.05  M  CaCl2,  at  pH  7.5  containing  6  ml  of  ethanol. 

Two  ml  of  the  solution  were  removed  as  a  blank  ^-ch  loro  aceto¬ 
phenone  (CA,  C^-Hj.  *  CO*  CH2CI,  154.6  mg,  molar  ratio  250/1),  anisoyl 
chloromethyl  ketone  (ACK,  CH^O* C^H^ •  C0» CH2C1,  24.4  mg,  molar 
ratio  33/1),  benzyl  chloromethyl  ketone  (BCK,  C^-H,.  •CH2*C0*CH2C1, 
136  mg,  molar  ratio  200/1)  ,  or  (3-phenyle thyl  chloromethyl  ketone 
(PPECK,  CgH  -CH2CH2-C0-CH2C1,  146  mg,  molar  ratio  200/1)  in 
6.5  ml  of  ethanol  was  slowly  added  to  the  CHT-A^  solution.  Final 
ethanol  concentration  was  5%.  The  solution  was  stirred  with  the 
aid  of  a  magmix  for  41  hours  (except  in  the  case  of  (3PECK  where 
a  21  hour  incubation  was  employed)  at  room  temperature.  In 
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preparation  for  assays  of  enzyme  activity,  a  100  |il  aliquot 
was  diluted  in  700  ^ul  of  5  x  10  HC1  at  0°.  Appropriate 
aliquots  of  the  HC1  solution,  assayed  against  ATEE,  yielded 
the  following  residual  activities:  CHT-A^-CA,  15%;  CHT-A^- 
ACK,  20%;  CHT-A4-BCK,  35%;  and  CHT-A4-pPECK,  3%.  The  enzyme 
solution  was  adjusted  to  pH  3  with  1  M  HC1  and  dialysed  for 
24  hours  against  3x6  litres  of  10  \M  HC1  at  3°.  Approximately 
90  mg  of  inhibited  CHT-A4  were  recovered  after  the  samples 
were  freeze  dried.  The  material  was  stored  at  -20°  until 
required. 

(ii)  Amino  Acid  Analyses  and  Methionine  Sulfone 
Analyses. 

Preliminary  amino  acid  analyses  of  the  alkylated  chymo- 
trypsins,  performed  as  outlined  in  section  2,  revealed  that 
sub-molar  quantities  of  histidine  and  methionine  were  alkylated. 
In  order  to  obtain  a  more  reliable  estimate  of  the  extent  of 
histidine  and  methionine  modification,  amino  acid  analyses  were 
performed  in  triplicate  on  three-times  the  usual  amount  of 
protein . 

Alkylated  CHT-A4  (10  mg)  was  dissolved  in  3.34  ml  of 
deionized  water.  Three-1  ml  aliquots  (each  containing  3  mg 
of  protein)  were  removed  and  added  to  three- 1  ml  aliquots  of 
concentrated  hydrochloric  acid.  Subsequent  preparations  for 
hydrolysis  and  treatment  of  the  hydrolysate  prior  to  analysis 
were  carried  out  as  described  earlier.  Amino  acid  analyses 
were  performed  on  1  ml  aliquots  of  the  hydrolysate  (final 
volume  2.5  ml).  In  order  to  obtain  adequate  separation  of 


TABLE  XIII 


Amino  Acid  Analyses  of  CHT-A^  Inhibited  with  a 
Homologous  Series  of  Bifunctional  Reagents 


Amino  Acid 

CHT- A. a 

CHT- A. a 

CHT- A. a 

CHT- A  a 

CHT-. 

CA  4 

ACK  4 

BCK  4 

PPECK 

Lysine 

14.0 

14.0 

13.6 

13.8 

14 

Histidine 

2.0 

2.0 

1.8 

1.6 

2 

Arginine 

2.9 

2.9 

3.0 

2.9 

3 

Aspartic  Acid 

21.6 

21.3 

21.0 

20.9 

22 

Threonine 

— 

20. 3e 

20. 2e 

20. 3e 

22 

Serine 

— 

22. 6e 

21. 0e 

21. 0e 

27 

Glutamic 

14.9 

14.6 

14.6 

15.0 

15 

Proline 

9.0 

10.2 

10.2 

9.7 

9 

Glycine 

22.8 

22.2 

22.4 

22.4 

23 

Alanine 

22. 0C 

22. 0C 

22. 0C 

22. 0C 

22 

Half-cystine 

8.7 

5.5 

6.6 

7.8 

10 

Valine 

22.4 

21.9 

22.1 

22.5 

23 

Methionine 

1. 6d 

1.6d 

1.9d 

2.0d 

2 

Isoleucine 

9.7 

9.8 

9.6 

9.6 

10 

Leucine 

18.8 

18.7 

18.3 

18.4 

19 

Tyrosine 

3.7 

3.5 

3.6 

3.6 

4 

Phenylalanine 

5 . 6 

5.6 

5.6 

5.7 

6 

Homo serine 

+ 

+ 

— 

— 

Lactone 


a.  Average  of  3  amino  acid  analyses 

b.  Data  of  Hartley  (11)  corrected  for  amino  acids 
lost  upon  activation. 

c.  Arbitrarily  taken  as  22.0  residues 

d.  Sum  of  methionine  and  methionine  sulfoxides 

e.  Not  corrected  for  hydrolytic  destruction. 
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lysine  and  histidine,  the  20  cm,  rather  than  the  11  cm  basic 
column  was  utilized. 

Methionine  sulfone  analyses  were  carried  out  according 
to  Moore  (235)  as  described  in  section  2. 

(iii)  Diagonal  Paper  Ionophoresis 

Diagonal  peptide  maps  were  prepared  by  subjecting  the 
peptic  digest  of  the  alkylated  CHT-A^  to  initial  ionophoresis 
at  pH  6.5  and  50  volt/cm  for  1  1/2  to  3  hours.  The  second 
dimension  ionophoresis  at  pH  6.5  and  50  volt/cm  was  carried 
out  for  1  1/2  hours  in  all  cases.  Peptides  were  detected  with 
the  cadmium-ninhydrin  dip  reagent  (236) .  Histidine  containing 
peptides  were  detected  with  the  Pauly  reagent. 

(b)  Chemical  and  Structural  Studies  on  the  Inhibited 

cht-a4 

(i)  Amino  Acid  Analyses  and  Methionine  Sulfone  Analyses 

Amino  acid  analyses  of  CHT-CA,  -ACK,  -BCK  and  -(3PECK 
are  presented  in  Table  XIII.  The  data  indicate  that  as  the 
number  of  methylene  bridges  between  the  aromatic  and  the 
chloromethyl  ketone  groups  of  the  reagents  increases,  the 
alkylation  of  histidine  residues  also  increased.  Thus,  CA  and 
ACK  do  not  alter  the  histidine  content  of  CHT-A^  whereas  BCK 
and  PPECK  lead  to  a  loss  of  0.2  and  0.4  histidine  residues 
respectively.  The  apparent  recovery  of  methionine  appears  to 
follow  a  trend  opposite  to  that  observed  for  histidine,  that 
is,  as  the  number  of  methylene  bridges  increases,  the  extent 
of  methionine  alkylation  decreases. 

The  presence  of  homoserine  lactone  on  the  amino  acid 
chromotograms  of  CHT-A^-CA  and  CHT-A^-ACK  was  indicative  of 
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A1  is  histidine-40  peptide 
A2  is  histidine-57  peptide 
A3  is  histidine-57  peptide 
with  N-terminal  threonine. 

A4  is  methionine-192  peptide 

Figure  35.  Diagonal  peptide  map  of  the  peptic 

digest  of  native  CHT-A.  .  lonophore- 
sis  was  run  at  pH  6.5  and  50  volts/cm 
for  1.5  hours  in  both  dimensions. 

Pauly  positive,  histidine  containing 
peptides  are  hatched. 
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A1  is  histidine-40  peptide 

A2  is  histidine-57  peptide 

A3  is  histidine-57  peptide  with 

N-terminal  threonine. 

A4  and  A5  are  methionine-192  peptides 

A4-*-  and  A5^  are  alkylated  methionine-192 
peptides . 

Figure  36.  Diagonal  peptide  map  of  the  peptic 
digest  of  CHT-A^-CA  and  CHT-A^-ACK. 

Ionophoresis  was  run  at  pH  6.5  and 
50  volts/cm  for  1.5  hours  in  both 
dimensions . 

Pauly  positive,  histidine  containing 
peptides  are  hatched. 
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the  presence  of  methionine  sulfonium  salts.  Gundlach  e_t  al. 
(229)  found  that  during  acid  hydrolysis,  methionine  carboxy- 
me thy 1- sulfonium  iodide  decomposed  to  regenerate  methionine 
and  yield  as  one  of  the  breakdown  products  homoserine  lactone. 
It  appeared  then  that  the  recovery  of  methionine  from  the 
alkylated  CHT-A^,  as  shown  in  Table  XIII,  was  not  a  true 
measure  of  the  free  methionine  content.  Methionine  was  there¬ 
fore  determined  as  methionine  sulfone  following  performic 
acid  oxidation  according  to  the  method  of  Moore  (235) .  The 
results  of  amino  acid  analyses  are  reported  in  Table  XIV. 

The  analyses  indicate  that  approximately  one  residue 
of  methionine  is  transformed  into  its  sulfonium  salt  when 
CHT-A^  was  inhibited  with  CA  and  ACK.  These  findings  are  in 
agreement  with  the  studies  of  Schramm  and  Lawson  (48)  using 
^-bromoacetophenone . 

Inhibition  of  CHT-A^  with  BCK  and  (3PECK  was  accompanied 
by  the  loss  of  sub-molar  amounts  of  methionine  (0.3  and  0.4 
residues,  respectively) .  These  reagents  appear  to  exert  their 
inhibitory  effect  through  a  combination  of  methionine  and 
histidine  alkylation.  It  is  surprising  that  (3PECK,  which 
possesses  the  backbone  structure  of  TPCK,  does  not  lead  to  a 
greater  loss  of  histidine. 

(ii)  Diagonal  Peptide  Maps  of  Native  and  Inhibited 
cht-a4 

The  diagonal  peptide  maps  of  the  peptic  digest  of  native 
CHT-A^  and  CHT-A^  inhibited  with  CA  and  ACK  are  presented  in 
Figures  35  and  36  respectively.  In  agreement  with  amino  acid 
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analyses  which  indicated  complete  recovery  of  histidine  from 
CHT-A^-CA  and  CHT-A^-ACK  (Table  XIII) ,  no  alteration  in  the 
histidine  peptides  was  observed. 

As  a  consequence  of  the  extended  ionophoresis  periods, 
the  Pauly  positive  histidine  peptide  A3  was  observed.  Amino 
acid  analysis  of  the  peptide  was  consistant  with  the  histidine 
-57  peptide  (A2)  except  that  an  additional  threonine  residue 
was  present.  The  sequence  immediately  preceding  the  histidine 
-57  is  known  (11)  to  be  VAL-VAL-THR-ALA-ALA-HIS-CYS-  and  is 
split  by  pepsin  between  the  THR-ALA  bond.  However,  Smillie 
and  Hartley  (16)  have  shown  that  the  histidine-57  peptide  from 
elastase  possesses  the  sequence  THR-ALA-ALA-HIS-CYS-VAL- ASP- 
ARG-GLX-.  Since  threonine-54  is  the  only  residue  of  its  type 
in  the  vicinity  of  the  histidine-57  peptide  in  the  sequence 
of  CHT-A^,  it  appears  that  a  minor  peptic  split  has  occured 
between  VAL-THR.  The  slight  increase  in  the  mobility  of  the 
dihistidine-cystine  peptide  in  the  first  dimension  is  likely 
a  result  of  a  small  increase  in  the  pKa  of  histidine-57.  A 
reduction  in  the  field  effect  of  the  amino  group  of  alanine  on 
histidine-57  would  be  anticipated  if  the  positive  charge  was 
removed  by  one  residue  to  the  N- terminal  threonine.  The  marked 
difference  in  the  mobilities  of  histidine-57  peptides  A2  and 
A3  reflects  the  increase  in  molecular  weight  of  the  peptide 
(✓v/ 10%)  contributed  by  the  threonine  residue.  A  field  effect 
exerted  by  the  N-terminal  threonine  residue  on  the  pKa  of 
histidine-57  would  be  nullified  by  the  dominant  field  effect 
of  the  adjacent  cysteic  acid  residue. 
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Methionine  sulfone  analyses  indicated  the  presence  of 
a  residue  of  methionine  sulfonium  salt  in  CHT-A^-CA  and  CHT-A^ 
-ACK.  Two  bands  are  observed  in  the  active  serine  region  of 
the  diagonal  peptide  map  in  Figure  36.  Of  the  two  methionine 
residues  present  in  CHT-A^,  only  methionine- 192  is  found  in 
this  region  (132) .  The  increased  mobility  of  the  more  basic 
band  appears  to  be  due  to  the  presence  of  an  additional 
positive  charge  contributed  by  the  sulfonium  salt  of  methionine 
-192.  The  slower  band  appeared  to  be  derived  from  the  faster 
band  as  a  result  of  the  decomposition  of  the  sulfonium  salt 
during  ionophoresis  and  peptic  digestion,  with  concomitant 
loss  of  the  positive  charge. 

In  an  attempt  to  gain  a  more  thorough  understanding 
of  the  degradation  of  the  methionine  sulfonium  salt  formed  by 
CA  (C^Hj- •  C0«  Cf^Cl)  ,  the  sulfonium  salt  was  synthesized  accord¬ 
ing  to  the  method  of  Gundlach  ejt  a_l.  (255)  .  c<-ch  loro  aceto¬ 
phenone  (120  mg)  and  L-methionine  (48  mg)  (molar  ratio:  CA/Met 
=  2.5/1)  were  dissolved  in  100  ml  of  20%  ethanol  and  incubated 
at  37°  for  24  hours.  Excess  CA  was  removed  by  extraction  with 
ether  and  the  residual  solution  was  freeze-dried.  The  powder 
obtained  was  dissolved  in  an  appropriate  volume  of  water, 
spotted  10  cm  from  the  anode  on  a  sheet  of  Whatman  3  MM  paper 
and  subjected  to  ionophoresis  at  pH  1.8  and  70  volts/cm  for 
30  minutes.  In  addition  to  the  prominent  methionine  band,  a 
second  major  band  was  observed  to  run  in  the  vicinity  of 
alanine.  This  band  was  eluted  with  water,  spotted  on  3  MM 
paper  and  re-subjected  to  ionophoresis  under  the  original 
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Figure  37.  Proposed  decomposition  of  the  sulfonium  salt  form 

methionine  and  oC -ch loro acetophenone  (left).  De 
of  the  degradation  products  of  the  sulfonium  salt 
ionophoresis  at  pH  1.8  (Right). 
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conditions.  Following  the  elution  of  the  "alanine"  band 
with  water,  aliquots  were  removed  and  added  to  pH  1.8, 
pH  3.5  and  pH  6.5  buffers.  The  solutions  were  incubated 
overnight  at  37°  and  subjected  to  ionophoresis  at  pH  1.8  and 
90  volts/cm  for  15  minutes.  Analysis  of  the  degradation 
products  and  a  proposed  degradation  pathway  of  the  sulfonium 
salt  is  presented  in  Figure  37.  Essentially  identical  de¬ 
gradation  patterns  were  observed  at  the  three  pH  values 
studied.  Homoserine  lactone  stained  yellow  with  the  cadmium- 
ninhydrin  reagent  and  was  observed  to  emerge  from  the  short 
column  (11  cm)  on  the  amino  acid  analyser  just  after  ammonia. 
These  model  studies  confirm  the  postulated  transformation  of 
the  sulfonium  salt  peptides  A4 '  and  A5 '  into  methionine 
containing  peptides  A4  and  A5,  respectively. 

It  should  be  noted  that  the  active  serine  band  on  the 
diagonal  peptide  map  of  CHT-A^  (Figure  35)  is  not  completely 
analogous  with  the  less  basic  active  serine  band  on  the  diagonal 
peptide  map  of  CHT-A^-CA  and  CHT-A^-ACK  (Figure  36) .  Peptides 
A5  and  A5^which  stained  red  with  the  c admi urn- n inhydrin  reagent, 
are  present  in  the  latter,  but  are  absent  in  the  former 
peptide  map.  The  orange  (cadmium-ninhydrin)  peptide  A4  was 
present  on  both  peptide  maps,  however,  it  appears  to  be  notice¬ 
ably  less  concentrated  on  the  diagonal  of  CHT-A^-CA  and  -ACK. 

A  possible  explanation  for  the  appearance  of  peptides  A5  and 
A5 ^  could  be  the  steric  influence  of  the  S-alkylated  methionine 
residue  on  the  cleavage  of  a  susceptible  peptide  bond  by  pepsin. 
Thus,  peptide  A4  (or  A41)  was  derived  from  peptide  A5  (or  A51) 
by  partial  cleavage  of  a  peptide  bond  by  pepsin  on  the  alkylated 


A1  is  histidine-40  peptide 
A2  is  his tidiness 7  peptide 
A3  is  histidine-57  peptide  with 
N- terminal  threonine 
A4  is  methionine-192  peptide 


Figure  38 0  Diagonal  peptide  map  of  the  peptic  digest 

of  native  CHT-A^ „  lonophoresis  was  run  at 
pH  6.5  and  50  volts/cm„  First  dimension: 

3  hours „  Second  dimension:  1.5  hours 0 
Pauly  positive,  histidine  containing  peptides 
are  hatched. 
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Figure  39. 


A1  is  histidine-40  peptide 
A2  is  histidine-57  peptide 
A2l  is  alkylated  histidine-57  peptide  , 

A3  is  histidine-57  peptide  with  N-terminal 
threonine . 

A4  and  A5  are  methionine-192  peptides 

A4I  and  A5^  are  alkylated  methionine-192  peptides. 


Diagonal  peptide  map  of  the  peptide  digest  of 
CHT-A^-BCK  and  CHT-A^-PECK.  Ionophoresis  was 

run  at  pH  6.5  and  50  volts/cm.  First  dimension: 
3  hours.  Second  dimension:  1„5  hours. 

Pauly  positive ,  histidine  containing  peptides 
are  hatched. 
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CHT-A^.  In  native  CHT-A^,  peptide  A5  was  not  observed  since 
peptide  A4  was  liberated  completely  by  pepsin. 

The  diagonal  peptide  maps  of  the  peptic  digests  of 
CHT-A^  and  CHT-A^  inhibited  with  BCK  and  pPECK  are  presented 
in  Figures  38  and  39  respectively.  Ionophoresis  conducted 
for  3  hours  in  the  first  dimension  and  1  1/2  hours  in  the 
second  dimension  resulted  in  an  excellent  separation  of 
histidine  and  the  active  serine  band„  The  diagonal  peptide 
maps  of  the  peptic  digests  of  CHT-A^-BCK  and  CHT-A^-pPECK 
were  qualitatively  identical.  However,  the  intensity  of  the 
Pauly  and  ninhydrin  colors  for  the  paired  A1  and  A2  peptides 
was  noticeably  less  in  CHT-A^-BCK  than  in  the  case  of  CHT-A^- 
(3PECK.  This  observation  is  in  agreement  with  the  amino  acid 
analyses  which  indicated  that  0.2  and  0.4  residues  of  histidine 
were  alkylated  with  BCK  and  pPECK  respectively. 

Two  intriguing  features  of  the  diagonal  peptide  map 
(Figure  39)  present  themselves.  Firstly,  peptide  A21  which 
appears  to  be  on  alkylated  histidine-57  peptide,  is  Pauly 
positive.  (It  will  be  recalled  that  3-CM  histidine-57  peptide 
from  CHT-TPCK  and  -PMCK  was  Pauly  negative) .  Secondly,  a 
trace  of  histidine-40  peptide  A1  exists  to  the  right  of  the 
cluster  of  native  histidine  peptides  (Al,  A2  and  A3).  The 
mate  of  this  histidine-40  peptide  was  not  discernable.  The 
position  of  the  trace  amounts  of  peptide  Al  on  the  diagonal 
indicate  that  its  precursor  dihistidine  cystine  peptide  must 
have  been  more  basic  than  the  native  dihistidine  cystine 
peptide  which  yielded  peptides  Al,  A2  and  A3  after  performic 
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acid  oxidation.  Since  this  basic  band  was  observed  only  on 
the  diagonals  of  CHT-A^-BCK  and  -(3PECK,  it  appears  to  be  an 
unique  and  to  date,  unknown,  product  of  the  alkylation. 

Several  attempts  to  isolate  the  histidine-40  and  histidine-57 
peptides  in  this  region  were  without  success. 

The  isolation  and  characterization  of  peptides  A1  and 
A2^,  which  originated  from  a  slightly  anionic  dihistidine 
cystine  peptide  remaining  at  the  origin  after  the  first 
dimensional  ionophoresis,  are  presented  in  the  following 
section. 

The  presence  of  a  dominant  (orange)  A4  peptide  on  the 
diagonal  peptide  map  of  CHT-A^-BCK  and  -PPECK  conforms  to  the 
methionine  sulfone  analyses  which  indicated  that  1.6  residues 
of  free  methionine  were  present.  On  the  basis  of  earlier 
studies  on  CHT-A^-CA,  it  appears  that  0.6  residues  of  methionine- 
192  are  not  alkylated  in  CHT-A^-(3PECK.  Thus,  peptic  hydrolysis 
of  CHT- A^- (3PECK  (or  -BCK)  would  be  expected  to  yield  substantial 
amounts  of  peptide  A4  as  was  shown  to  be  present  on  the  diagonal 
of  native  CHT-A^.  The  existance  of  0.4  residues  of  methionine 
sulfonium  salt  in  the  preparation  would  be  expected  to  produce 
peptide  A5  and  A51  in  lower  concentrations  than  were  observed 
with  CHT-A4-CA. 

(iii)  Isolation  and  Characterization  of  Methionine  and 
Histidine  Peptides. 

Brown  and  Hartley  (132)  have  shown  that  the  methionine- 192 
was  present  in  a  cysteic  acid  peptide  in  the  active  serine  band 
on  the  diagonal  peptide  map  of  CHT-A4#  The  particular  peptide 
was  designated  1C1  and  was  composed  of  residues  190  to  207. 
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Furthermore,  the  cadmium-n inhydrin  color  of  this  peptide 
(N- terminal  serine)  was  distinctively  orange.  Since  an  orange 
staining  peptide  was  obtained  in  the  active  serine  band  on  the 
diagonal  peptide  maps  of  CHT-A^  (Figures  35  and  38)  and  since 
this  particular  peptide  possessed  an  altered  mobility  in 
the  basic  (sulfonium  salt)  active  serine  band,  it  was  reason¬ 
able  to  assume  that  peptide  A4  corresponded  to  the  methionine 
containing  peptide  (1C1)  isolated  by  Brown  and  Hartley  (132) . 

Attention  was  directed  to  determining  the  nature  of 
peptides  A5  and  A5^  (Figure  36)  which  stained  red  with  cadmium 
-ninhydrin  and  appeared  to  contain  methionine  since  the 
mobility  of  peptide  A5^  was  altered  in  the  basic  active  serine 
band.  A  pepsin  digest  of  CHT-A^-CA  (55  mg)  was  spotted  as  a 
6  x  40  cm  band  20  cm  from  the  anode  on  a  Whatman  3MM  paper  and 
subjected  to  ionophoresis  at  pH  6.5  and  50  volts/cm  for  two 
hours.  The  positions  of  the  basic  and  regenerated  active 
serine  bands  were  determined  from  a  diagonal  peptide  map.  The 
active  serine  bands  were  cut  out,  oxidized,  sewn  23  cm  from 
the  anode  on  sheets  of  Whatman  3 MM  paper  and  subjected  to 
ionophoresis  at  pH  6.5  and  50  volt/cm  for  2  1/2  hours.  The 
neutral  region,  containing  peptide  A5^,  was  cut  out  from  the 
basic  active  serine  band,  eluted  with  water  and  reapplied 
a  distance  of  10  cm  from  the  anode  on  a  sheet  of  What  #1  paper. 
Purification  of  the  sulfonium  salt  peptide  was  obtained  by 
subjecting  the  neutral  region  to  ionophoresis  at  pH  1.8  and 
70  volts/cm  for  thirty  minutes.  Streaking  was  evident  behind 
the  major  peptide  band  running  near  CM-cysteine.  Following 


TABLE  XV 


Amino  Acid  Analyses  of  Methionine  Peptides  from 

cht-a4-ca 


Peptide 


Amino  Acid 

A5a 

A5 1  a 

A5  b 

1C1 

Lysine 

1.7 

2.0 

2 

1.8 

Cysteic  Acid 

1.9 

1.5 

2 

1.8 

Methionine  Sulfone 

0.9 

— 

- 

0.9 

Aspartic  Acid 

2.0 

1.8 

2 

2.0 

Threonine 

0.2 

0.2 

- 

0.5 

Serine 

2.6 

2.5 

3 

2.1 

Proline 

0.7 

0.5 

1 

1.1 

Glycine 

4.7 

4.4 

4 

4.1 

Alanine 

1.0 

1.3 

1 

1.0 

Valine 

2.0 

1.6 

2 

1.0 

Methionine 

— 

0.2 

1 

— 

Leucine 

1.0 

1.0 

1 

1.0 

a.  See  Figure  36. 

b.  Theoretical  values  based  on  amino 
acid  sequence  of  CHT-A4(11). 

o  Data  of  Brown  and  Hartley  (132) 
corresponds  to  peptide  A4  in  this 
study. 
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elution  from  the  paper  with  water,  an  equal  volume  of  concentra¬ 
ted  HC1  was  added  and  the  peptide  was  hydrolyzed  as  outlined 
earlier.  Amino  acid  analysis  of  A5^  is  presented  in  Table  XV. 

Peptide  A5  was  eluted  from  the  regenerated  active  serine 
band  with  water,  reapplied  to  Whatman  #1  paper  and  was  subjected 
to  ionophoresis  at  pH  1.8  and  70  volt/cm  for  thirty  minutes. 

The  peptide  migrated  to  a  point  approximately  9  cm  from  the 
origin.  Amino  acid  analysis  is  presented  in  Table  XV. 

The  absence  of  methionine  sulfone  and  presence  of  a 
trace  of  methionine  in  the  analysis  of  peptide  A5^  strongly 
suggest  the  presence  of  a  methionine  sulfonium  salt.  Further¬ 
more,  the  recovery  of  methionine  sulfone  from  A5  and  the 
favourable  agreement  between  the  analyses  of  A5  and  A5^  sub¬ 
stantiate  the  proposal  that  peptide  A5  was  derived  from  peptide 
A5^  via  decomposition  of  the  sulfonium  salt  of  methionine-192. 

The  structure  of  peptides  A4  and  A5  was  deduced  from 
amino  acid  analyses  and  c admi urn- n inhydrin  color  reactions  in 
conjunction  with  the  work  of  Brown  and  Hartley  (132)  and 
Hartley  (11) . 
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189  |  190  191  192 
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193  194  195 
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196  207  ^  208 

GLY  • •  TRP  THR 
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Some  uncertainty  exists  as  to  whether  or  not  glycine-187 
should  be  included  in  peptide  A5.  Since  glycine  peptides  are 
usually  yellow  in  color  and  peptide  A5  (and  A51)  stained  red 
with  the  cadmium- n inhydrin,  it  appears  more  likely  that  valine 
is  the  N- terminal  residue. 


TABLE  XVI 


Amino  Acid  Analyses  of  Histidine  Peptides  from 

CHT-A4-£PECK 

Histidine-40  Peptides 

Amino  Acid  Al  ^  Al  Smillie  et  al .  ( 16) 

(Paired  to  A2  )  (Paired  to  A2) 


Histidine 

0.7 

0.6 

1 

Cysteic  Acid 

1.0 

i — 1 
• 

r— { 

1 

Serine 

1.0 

1.0 

1 

Glycine 

2  .O3 

2.0a 

2 

Leucine 

o 

• 

fH 

1.0 

1 

Phenylalanine 

0.9 

0.9 

1 

Histidine-57 

Peptides 

Amino  Acid 

A21 

A2 

Smillie  et  al 

Histidine 

— 

o 

• 

rH 

1 

Cysteic  Acid 

0.9 

0.9 

1 

Aspartic  Acid 

1.0 

1.0 

1 

Threonine 

1.8 

1.9 

2 

Serine 

o 

• 

rH 

0.9 

1 

Glycine 

1.0 

1.0 

1 

Alanine 

2 . 0a 

2.0 

2 

Valine 

0.9 

1.0 

1 

a  . 


Arbitrarily  taken  as  2.0  residues. 
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Due  to  the  limited  amount  of  peptide  A5  and  A5^  on  the 
diagonal  peptide  maps  of  CHT-A^-BCK  and  -£PECK,  no  attempt  was 
made  to  isolate  these  peptides.  The  similarity  in  the  active 
serine  region  of  Figures  36  and  39  strongly  suggested  that  the 
modification  of  methionine  was  analgous. 

The  purification  of  the  histidine  peptides  (Al,  A2  and 
A2^)  from  CHT- A^- (3PECK  was  achieved  in  a  similar  manner  as 
described  in  section  2  iii.  Interestingly,  the  mobility  of 
the  Pauly  positive  peptide  A2^  was  identical  to  the  native 
histidine-57  peptide  (A2)  during  ionophoresis  at  pH  3.5  iono- 
gram,  hydrolysed  with  HC1  and  a  portion  of  the  hydrolysate 
was  subjected  to  quantitative  amino  acid  analyses  (see  Table 
XVI)  . 

Histidine-40  peptides  (Al)  were  identical  as  was 
suggested  from  their  observed  mobilities  on  the  diagonal 
peptide  map  (Figure  39) .  However,  the  Pauly  positive  peptide 
A2^  was  identical  to  the  native  histidine-57 .. peptide  except 
that  histidine  could  not  be  detected. 

Qualitative  amino  acid  analysis  of  peptide  A2^  was 
conducted  on  Whatman  #1  paper  by  first  subjecting  the  acid 
hydrolysate,  in  parallel  with  appropriate  standard  amino  acids, 
to  ionophoresis  at  pH  6.5  and  50  volt/cm  for  fifty  minutes. 

The  neutral  band  was  removed,  sewn  on  to  a  second  sheet  of 
Whatman  #1  paper  and  subjected  to  ionophoresis  at  pH  1.8  and 
70  volt/cm  for  40  minutes.  Separate  portions  of  the  pH  6.5 
and  pH  1.8  ionograms  were  developed  with  cadmium-ninhydrin 
reagent  and  the  Pauly  reagent.  Histidine  or  a  Pauly  positive 
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derivative  was  not  present  on  the  pH  6.5  ionograra.  However, 
a  new  ninhydrin  positive  amino  acid  was  observed  migrating 
behind  alanine  on  the  pH  1.8  ionogram  of  the  neutral  band  from 
pH  6.5. 

c.  Discussion 

The  studies  presented  indicate  that  a  methionine  residue 
in  CHT-A^  is  alkylated  by  CA  and  ACK  whereas  only  a  partial 
alkylation  of  methionine  occurs  with  BCK  and  £PECK.  Diagonal 
peptide  maps  of  the  native  and  alkylated  CHT-A^  and  amino  acid 
analysis  of  an  isolated  methionine  sulfonium  salt  peptide 
confirm  the  alkylation  of  methionine-192.  Evidence  from  the 
diagonal  peptide  maps  suggests  that  methionine- 180  is  not 
modified. 

An  apparent  anomaly  exists  in  Figure  36  when  the  mobil¬ 
ities  of  peptides  A4  and  A5  are  related  to  the  number  of  amino 
acid  residues  in  the  peptides.  Previous  discussions  have 
indicated  that  peptide  A5  is  larger  than  peptide  A4  and  thus 
would  be  expected  to  migrate  behind  A4  rather  than  in  front  of 
it  as  observed  in  Figure  36.  Furthermore,  it  appears  somewhat 
surprising  that  peptides  A4^  and  A5^  possess  such  altered 
mobilities  relative  to  each  other  following  the  formation  of 
a  sulfonium  salt  with  a  common  reagent. 

A  consideration  of  the  net  charges  of  the  peptides  offers 
a  reasonable  explanation  of  the  irregularities.  Attention  is 
drawn  to  the  N- terminal  sequences  of  peptides  A4  and  A5. 

188  189  190  191  192  193 

SER-CYSO"  -MET-GLY-ASP  -  -  -  A4  or  A41 

VAL  -  SER  -  SER-CYSO”  -MET-GLY-ASP  -  -  -  A5  or  A51 
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Through  the  influence  of  the  field  effect  of  the  neg¬ 
atively  charged  cysteic  acid  residue,  the  pKa  of  the  ^-amino 
group  of  the  N-terminal  serine  residue  in  peptide  A4  would  be 
increased.  Concomitant  with  this  increase  would  be  an  increase 
in  the  positive  charge.  The  net  effect  would  be  to  decrease 
the  net  negative  charge  on  the  peptide  thus  leading  to  a 
retardation  in  its  anionic  migration  at  pH  6.5.  However,  the 
ot-amino  group  of  N-terminal  valine  in  peptide  A5  would  only 
be  weakly  influenced  by  the  cysteic  acid  residue,  and  as  such, 
would  possess  less  positive  charge  than  the  corresponding 
group  in  peptide  A4.  Thus  an  approximation  of  the  net  charge 
on  peptides  A4  and  A5  indicates  -1  and  -1  1/4  charges  respect¬ 
ively.  This  charge  difference  appears  to  be  suffice  to  cause 
the  larger  peptide  A5  to  move  just  ahead  of  the  smaller  peptide 
A4. 

The  mobility  of  peptides  A4^  and  A5^  may  also  be  explain¬ 
ed  on  a  basis  of  the  field  effects  exerted  by  cysteic  acid 
-191.  With  the  presence  of  a  positively  charged  methionine 
sulfonium  salt  adjacent  to  cysteic  acid  -191,  the  field  effect 
of  the  latter  residue  on  serine  -190  could  conceivably  be 
partially  nullified  and  lead  to  a  slight  drop  in  the  pKa  of 
the  o(-amino  group  of  N-terminal  serine  in  peptide  A4.  The 
net  charge  on  peptides  A41  and  A51  is  estimated  to  be  approxi¬ 
mately  the  same  (  §  -)  on  both  peptides.  Thus  the  positions 
of  A41  and  A51  in  Figure  36  appear  to  be  in  accordance  with 
a  separation  based  on  a  molecular  weight  basis. 

It  has  been  previously  demonstrated  that  during  performic 
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A  plausible  mechanisn  for  the  performic  acid  rearrangement  of  BCK  or 
(3PECK  histidine  derivatives  to  yield  2  (or  4)-  hydroxymethylhistidine 
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acid  oxidation  a  rearrangement  of  the  ketone  moiety  of  TPCK- 
histidine  and  PMCK-histidine  led  to  the  formation  of  the 
3-carboxymethyl  derivative  of  histidine.  The  groups  migrating 
in  the  above  reaction  were  the  L-l-tosylamido-2-phenylethyl 
and  phenoxymethyl  moieties.  A  similar  rearrangement  does  not 
appear  to  occur  in  the  pPECK-histidine  derivative.  Unlike 
the  side  chains  of  TPCK  and  PMCK,  (3PECK  does  not  possess 
electronegative  atoms  in  proximity  to  the  ketone  group.  This 
structural  difference  probably  leads  to  an  altered  peracid 
rearrangement. 

Cleavage  of  the  C-C  bond  adjacent  to  the  ketone  group 
can  occur  either  to  the  "left"  or  to  the  "right"  depending 
on  the  migratory  aptitude  of  the  various  R  groups. 

The  hypothetical  pathway  outlined  in  Figure  40  suggests 

that  performic  acid  rearrangement  of  an  assumed  nitrogen  3 

alkylated  imidazole  derivative  occurs  at  the  C-C  bond  to  the 

"right"  of  the  ketone  group.  The  3-hydroxymethylhistidine 

would  not  be  expected  to  be  stable  and  would  either  decompose 

to  yield  free  histidine  and  formaldehyde,  or  rearrange  to  a 

more  stable  entity  such  as  2-  or  4-hydroxymethylhistidine . 

Support  for  the  proposed  rearrangement  includes:  1.  three 

membered  ring  structures,  as  envisaged  with  intermediate  I 

(Figure  40)  are  known  to  exist  and  are  labile  to  acid  medium 

H 

(for  example;  ethylenimine  CH2^-“V‘CH2  an<^  2.  the  presence  of 
native  histidine-57  peptide  (A2),  which  could  arise  through 

decomposition  of  a  3-HM  histidine  peptide,  was  not  observed 
between  peptide  A1  and  A2^  on  the  diagonal  peptide  map 
(Figure  39) . 
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The  proposed  N-alkylated  histidine-57  peptide  and  the 
peracid  induced  rearranged  derivative-2- (or  4)  hydroxymethyl- 
histidine-are  consistant  with  the  available  data.  Inductive 
effects  (-1)  of  the  (3PECK  substituent  on  the  histidine-57 
residue  decrease  the  pKa  of  the  imidazole  group  which  leads 
to  a  reduction  in  the  net  positive  charge  on  the  dihistidine 
cystine  peptide,  thereby  causing  the  peptide  to  remain  at  the 
origin  on  the  initial  pH  6.5  ionophoresis .  Following  performic 
acid  oxidation,  histidine-40  peptide  and  the  proposed  2-  (or  4) 
hydroxymethylhistidine-57  peptide  (2- (or  4)  HM  histidine) 

(A2^)  would  be  present.  It  has  been  shown  (Table  IX)  that  the 
net  charge  on  native  histidine-57  peptide  is  approximately 
-1.2  at  pH  6.5  (based  on  a  pKa/-^7.2  on  imidazole  group). 
Hofmann  (126)  has  indicated  that  a  4-hydroxymethyl  substituent 
on  imidazole  decreases  the  pKa  by  0.6  units.  In  addition,  a 
substituent  introducted  into  the  2-position  is  known  to  have 
a  more  pronounced  inductive  effect  than  the  same  substituent 
at  the  4-position  (for  example;  imidazole,  pKa  6.95;  2-methyl- 
imidazole,  pKa  7.86;  4-methylimidazole,  pKa  7.52).  Thus,  a 
2-hydroxymethyl  derivative  of  histidine-57  could  depress  the 
pKa  of  the  imidazole  group  about  0.8  units  and  lead  to  a  net 
charge  of  -1.5.  This  value  appears  to  be  in  accord  with 
the  observed  mobility  of  peptide  A21  relative  to  peptide  A2 
(Figure  39) .  Clearly,  the  deductions  presented  which  infer 
the  2 -hydroxymethyl  derivative  are  speculative  and  do  not 
eliminate  a  4-hydroxymethylhistidine . 

The  identical  mobilities  of  peptide  A2  and  A21  at  pH  3.5 
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are  in  agreement  with  the  postulated  2  (or  4)-HM  histidine-57. 
Moreover,  the  isolation  of  a  neutral  histidine  derivative  at 
pH  6.5  from  the  acid  hydrolysate  of  A2^  is  also  consistant.  A 
2-  or  4-  hydroxymethyl  group  could  depress  the  pKa  of  the 
imidazole  group  of  free  histidine  (pKa  =6.1)  at  least  0.5  units 
and  thereby  form  an  uncharged  imidazole  at  pH  6.5.  If  a 
linear  relationship  exists  between  net  charge  and  molecular 
weight,  then  2  (or  4)-  HM  histidine  (M.W.  186,  net  charge  +  1.5) 
would  be  expected  to  migrate  behind  alanine  (M.W.  89,  net  charge 
+  0.8)  during  ionophoresis  at  pH  1.8. 

The  data  presented  herein  indicate  that  (3PECK  alkylates 
histidine-57  of  CHT-A^.  Similarities  in  the  diagonal  peptide 
map  of  CHT-A^-BCK  and  CHT-A^-(3PECK  suggest  that  BCK  also 
alkylates  this  residue  of  CHT-A^.  However,  the  position  of 
alkylation  on  the  imidazole  has  only  been  tentatively  assigned 
to  the  nitrogen  3  position. 

The  homologous  series  of  phenylalkyl  chloromethyl  ketones 
presently  studied  (C^H^«  [CH2 ]  n""co*  C^Cl  where  n  =  0,  1  and  2) 
inhibit  CHT-A^  in  a  manner  not  analgous  to  the  phenylalkylamido 
bromomethyl  ketone  series  (C^H^ •  [CH2 ]  •  NH* CO* CH2Br)  of  Schramm 

and  Lawson  (48) .  These  workers  also  studied  benzyl  bromide 
(C^H,- •  CH2Br)  and  ck.-bromoacetophenone  (C^-Ht-.CO-CH^r)  .  With 
the  exception  of  the  n  =  1  compound,  they  observed  that  the 
closer  the  bromine  atom  to  the  benzene  ring  the  more  rapid  is 
the  inactivation  of  CHT-A^.  Only  a  methionine  residue,  assumed 
to  be  residue  192,  was  modified  by  these  reagents.  Residual 
activity  of  the  alkylated  CHT-A^  was  determined  to  be  less  than 
1%  as  assayed  against  TEE.  The  reduction  in  activity  was  shown 
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to  be  associated  with  an  increase  in  the  Km  of  the  TEE  and  was 
supported  by  the  stoichiometric  incorporation  of  DFP  into  the 
modified  enzymes. 

Since  CA  (C^ .  CO*  CH2C1)  and  ACK  (CH30  C6H4 . CO*  CH2C1) 
inhibit  CHT-A^  by  virtue  of  the  S-alkylation  of  me thionine- 192 , 
it  may  be  concluded  that  the  observed  residual  activity  of  15% 
and  20%  respectively  (assayed  against  ATEE)  reflects  a  reduction 
in  enzyme  affinity  for  ATEE.  The  apparent  discrepancy  in  the 
residual  activity  of  CHT-A^  inhibited  with  CA  and  ^-bromo- 
acetophenone  (20%  and  2%  respectively)  likely  arises  from  the 
assay  methods  employed.  The  protonated  -amino  group  of  TEE 
would  be  expected  to  be  repelled  by  the  positively  charged 
sulfonium  salt  and  thus  would  lead  to  a  lower  residual  acitivity 
than  if  the  assays  were  performed  with  ATEE. 

Comparison  of  the  two  series  of  bifunctional  reagents 
reveals  that  two  out  of  the  three  compounds  in  each  series 
are  remarkably  similar  in  structure.  Thus,  the  following 
compounds  of  Schramm  and  Lawson  (48)  C^-H,-  *  NH • CO*  CH2Br  and 
C^Hj-  •  CH2  •  NH •  CO •  CH2Br  resemble  C^H^  •  CH2  •  CO*  CH2C1  (BCK)  and 
C^-Hj.  •  CH2CH2  •  CO*  CH2C1  ( (3PECK)  employed  in  the  present  study. 

Since  a  methylene  bridge  does  not  possess  the  hydrogen  bond 
forming  capabilities,  nor  the  electronegative  nature  of  the 
-NH-group,  it  appears  possible  that  the  differences  in  the 
modes  of  inhibition  of  CHT-A^  by  the  reagents  could  stem  from 
differences  in  the  binding  of  the  reagents  to  the  active 
center.  The  phenylalk^lamido  moiety  (C^H,.  •  [CH2]  n*NH-)  may  well 
bind  preferentially  to  the  acylamido  binding  site  of  CHT-A^ 
through  a  combination  of  hydrogen  and  hydrophobic  bonding. 
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Once  bound  in  this  position,  the  reactive  bromomethyl  ketone 

would  be  in  proximity  to  methionine- 192  which  is  known  to  be 

situated  near  the  binding  site  (88,  91)  .  BCK  and  (3PECK,  on 

the  other  hand,  would  likely  be  preferentially  bound  to  the 

specific  binding  site.  Such  a  possibility  appears  to  have 

merit  since  molecular  models  of  C,-Hc  •  CH0  •  NH*  CO*  CH~Br  and 

6  5  2  2 

CgH^-  •  CH2CH2  •  CO  CH2CI  reveal  that  the  distances  between  the 
aromatic  and  halomethyl  ketones  are  almost  identical. 

The  correlation  between  percent  residual  activity  and 
the  extent  of  histidine  and  methionine  alkylation  in  CHT-A^- 
BCK  and  CHT-A^-^PECK  presents  a  perplexing  problem.  Amino 
acid  and  methionine  sulfone  analyses  of  CHT-A^  inhibited  with 
BCK  and  (3PECK  indicate  that  0.2  and  0.4  residues  of  histidine 
and  0.3  and  0.4  residues  of  methionine  are  alkylated.  Histidine 
-57  alkylation  yields  a  completely  inactivated  enzyme  whereas 
methionine-192  alkylation  results  in  a  variable  amount  of 
residual  activity,  depending  on  the  size  of  the  substituent. 

If  it  is  assumed,  for  the  sake  of  this  discussion,  that  a 
methionine  modification  essentially  yields  an  inactivated 
enzyme,  then  the  sum  of  the  histidine  and  methionine  residues 
alkylated  should  correlate  with  loss  of  activity.  The  net 
effect  of  these  alkylations  would  be  expected  to  yield  50% 
residual  activity  in  CHT-A^-BCK  and  20%  residual  activity  in 
CHT-A^-pPECK.  Clearly,  these  estimates  reflect  the  maximum 
amount  of  residual  activity  possible  provided  that  the  histidine 
and  methionine  alkylations  are  mutually  exclusive. 

Assays  of  the  residual  activity  of  CHT-A^-BCK  and 
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CHT-A^-(3PECK  indicated  that  the  percent  residual  activity  was 
35%  and  3%  respectively.  It  would  appear  that  some  additional 
residue  is  being  modified  and  contributing  to  the  observed 
inhibition.  A  candidate  for  the  residue  involved  would  be  the 
active  serine- 195.  Since  studies  conducted  with  CHT-A^-TPCK 
and  -PMCK  revealed  that  histidine  and  methionine  alkylation 
were  not  mutually  exclusive,  it  would  appear  that  a  similar 
situation  could  exist  in  CHT-A^-BCK  and  CHT-A^-^PECK.  Thus, 
alkylation  of  the  active  serine  residue  could  be  appreciable. 
The  solution  to  this  problem  appears  to  reside  in  the  use  of 
a  labelled  inhibitor  (^PECK)  coupled  with  the  diagonal 
technique. 

Although  the  alkylation  of  serine- 195  by  BCK  and  (3PECK 
has  been  postulated  to  contribute  to  the  inhibition  of  CHT-A^, 
other  residues  could  conceivably  be  involved.  In  particular, 
the  sC-amino  group  of  isoleucine-16  is  an  attractive  candidate. 
The  alkylation  of  the  indole  ring  of  tryptophan,  the  phenolic 
group  of  tryosine  and  the  f-amino  group  of  lysine  could 
possibly  be  modified  by  the  reagents.  Furthermore,  the 
formation  of  an  ester  linkage  with  aspartic- 194,  adjacent  to 
the  active  serine,  is  feasible. 

4.  Conclusions 

From  the  studies  presented  in  this  thesis  and  in  the 
literature,  certain  conclusions  regarding  the  requirements 
for  alkylation  of  histidine-57  and  methionine-192  in  CHT-A^  may 
be  drawn.  Alkylation  of  histidine-57  by  bifunctional  reagents 
appears  to  be  quite  restrictive  and  depends  on  the  presence 
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of  a  chloromethyl  ketone  group  and  on  the  exact  spatial 
relationship  between  the  chloromethyl  ketone  and  the 
aromatic  moiety.  The  precise  spatial  relationship  is  attained 
by  the  presence  of  two  methylene  bridges  (L-TPCK,  (3PECK)  or 
a  combination  of  an  ether  linkage  and  a  methylene  bridge 
(PMCK) .  Methionine  alkylation,  on  the  other  hand,  appears 
to  be  non-specific  and  occurs  readily  with  a  variety  of 
reagents  differing  not  only  in  the  nature  of  the  alkylating 
group  but  also  in  the  distance  separating  the  aromatic  and 
the  alkylating  group. 


' 

j  •  •  i  f  '  -■  ‘  >  ■ 

•  :  '  '•  ■  Y 

• ;  -3  • 

%b.»  .  ^ 

. 


BIBLIOGRAPHY 


1.  Kunitz,  M. ,  and  Northrop,  J.H.,  J.  Gen.  Physiol,  18,  433, 
1934-1935. 

2.  Laskowski,  M. ,  J.  Biol.  Chem.  166,  555,  1946. 

3.  Brown,  K.D.,  Shupe,  R.E.,  and  Laskowski,  M. ,  J.  Biol.  Chem. 
173,  99,  1948. 

4.  Keith,  C.K. ,  Kazenko,  A.,  and  Laskowski,  M. ,  J.  Biol.  Chem. 
170,  227,  1947. 

5.  Keller,  P.J.,  Cohen,  E.,  and  Neurath,  H.,  J.  Biol.  Chem, 

233.  344,  1958. 

6.  Enenkel,  A.G.,  and  Smillie,  L.B.,  Biochemistry  2,  1449,  1963. 

7.  Fruton,  J.S.,  J.  Biol.  Chem.  173 .  109,  1948. 

8o  Rovery,  M. ,  Poilroux,  M. ,  Yoshida,  A.,  and  Desnuelle , t  P . , t 
Biochim.  Biophys.  Acta  23,  608,  1957. 

9.  Neurath,  H. ,  Adv.  in  Protein  Chem.  12 ,  320,  1952. 

10.  Awad,  W.M. ,  Jr.,  and  Wilcox,  P.E.,  Biochim.  Biophys.  Acta  73, 
285,  1963 . 

11.  Hartley,  B.S.,  Nature  201,  1284,  1964. 

12.  Hartley,  B.S.,  Brown,  J.R.,  Kauffman,  D.L.,  and  Smillie,  L.B., 
Nature  207 ,  1157,  1965. 

13.  Parkes,  C.  Owen,  Ph.D.  Thesis,  University  of  Alberta,  1965. 

14.  Furka,  A.,  and  Smillie,  L.B.,  Unpublished  results. 

15.  Guy,  O.,  Rovery,  M. ,  and  Desnuelle,  P. ,  Biochim.  Biophys. 

Acta  69,  191,  1963. 

16.  Smillie,  L.B.,  and  Hartley,  B.S.,  J.  Mol.  Biol.  10,  183,  1964. 

17.  Smillie,  L.B.,  and  Hartley,  B.S.,  J.  Mol.  Biol.  12,  933,  1965. 

18.  Vaslow,  F.,  and  Doherty,  O.G.,  J.  Amer.  Chem.  Soc.  75,  928, 
1953. 

19.  Neurath,  H. ,  and  Deranleau,  D.,  Federation  Proc.  23,  1,  1964. 

20.  Smillie,  L.B.,  Enenkel,  A.G.,  and  Kay,  C.M. ,  J.  Biol.  Chem. 
241,  2097,  1966. 


-144- 


%  .M  r?{  -  /<  /sJ  >r.  s  %.A  %c  n  *srX  %.X.D  %  -JraH 

'  > 


1  ->r.r  ,  A  ilsoY  %.l  ,  >ai  ci  .  cl, 


.  >£:•';  j:-  r*  t  .  iL  %  .M .  ?  %bxwA 


*  •  :/r  -;x  .  •  tj  : . 


V  >.  GZ  OT  i.i  I 


7  3  :•).  -  ,  3  ' 


-145- 


21. 

22. 

23. 

24. 

25. 

26. 


Kubacki,  V. ,  Brown,  K.D.,  and  Laskowski,  M. ,  J.  Biol.  Chem. 
180.  73,  1949. 

Kassell,  B. ,  Radicevic,  M. ,  Ansfield,  M.J.,  and  Laskowski 
Sr.,  M. ,  Biochem.  Biophys.  Res.  Comm.  18,  255,  1965. 

Hirs,  C.H.W.,  J.  Biol.  Chem.  235,  625,  1960. 

Ooms,  A.J.J.,  Nature  190,  533,  1961. 

Jansen,  E.F.,  Nutting,  M.D.F.,  and  Balls,  A.K. ,  J.  Biol, 
Chem.  175,  975,  1948. 

Balls,  A.K.  and  Jansen,  E.F.  Adv.  in  Enzymology  13 ,  321, 
1952. 


27.  Schaffer,  N.K. ,  May,  S.C.,  and  Summerson,  W.H.,  J,  Biol. 

Chem.  202,  67,  1953. 

28.  Schaffer,  N.K.,  Simet,  L. ,  Harshman,  S.,  Engle,  R.R.,  and 
Drisko,  R.W.,  J,  Biol.  Chem.  225 ,  197,  1957. 

29.  Turba,  F.,  and  Gundlach,  G. ,  Biochem.  Z.  327 ,  186,  1955. 

30.  Oosterbaan,  R.A.,  Kunst,  P.,  van  Rotterdam,  J. ,  and  Cohen, 

J. A. ,  Biochim.  Biophys.  Acta  27,  549,  1958. 

31.  Ibid:  Biochim.  Biophys.  Acta  27,  556,  1958. 

32.  Oosterbaan,  R.A.,  and  Cohen,  J.A.,  in  Structure  and  Activity 
of  Enzymes,  edit,  by  Goodwin,  T.W.,  Harris,  J.I.,  and 
Hartley,  B.S.,  Academic  Press,  London,  1964,  p.87. 

33.  Erlanger,  B.F.,  Cooper,  A.G.,  and  Cohen,  W. ,  Biochemistry  j3, 
190,  1966. 

34.  Bender,  M.L.,  and  Kezdy,  F.J.,  Ann.  Rev.  Biochem.  34,  49,  1965. 

35.  Cohen,  W.,  and  Erlanger,  B.F.,  J.  Amer.  Chem.  Soc.  82 ,  3928, 
1960. 


36. 

37. 

38. 

39. 


Wilson,  I.B.,  and  Erlanger,  B.F.,  J.  Amer.  Chem.  Soc.  82, 
6422,  1960. 

Bender,  M.L.,  and  Turnquest,  B.W.,  J.  Amer.  Chem.  Soc.  77, 
4271,  1955. 

Cohen,  S.G.,  and  Weinstein,  S.Y. ,  J.  Amer.  Chem.  Soc.  86, 
5326,  1964. 

Snake,  J.E.,  and  Neurath,  H.,  Arch.  Biochem.  Biophysic.  21, 
351,  1949. 


•  , 

.£S 

.  •  .  0 

— -  ^ 


■ 


JL£ 


• 

-146- 


40.  Metzger,  H.P.,  and  Wilson,  I.B.,  Biochemistry  3,  926,  1964. 

41.  Erlanger,  B.F.,  and  Edel,  F. ,  Biochemistry  _3,  347 ,  1964. 

42.  Brown,  J.R.,  and  Hartley,  B.S.,  Abstr.  1st  Meeting  Fed. 
Europ,  Biochem.  Soc. ,  Academic  Press,  London,  1964,  A29. 

43.  Gold,  A.M. ,  Biochemistry  4,  897,  1965. 

44.  Kallos,  J. ,  Brookhaven  Symp.  Biol,  15 ,  124,  1962. 

45.  Kallos,  J.,  J.  Mol.  Biol,  7,  104,  1963. 

46.  Lawson,  W.B.,  and  Schramm,  H.J.,  J.  Amer.  Chem.  Soc.  84, 
2017,  1962. 

47.  Lawson,  W.B.,  and  Schramm,  H.J.,  Biochemistry  4,  377,  1965. 

48.  Schramm,  H.J.,  and  Lawson,  W.B.,  Z.  Physiol.  Chem.  332,  97, 
1963. 

49.  Gold,  A.M.,  Brookhaven  Symp.  Biol.  15.  125,  1962. 

50.  Strumeyer,  D.H.,  White,  W.N.,  and  Koshland  Jr.,  D.E., 

Proc.  Natl,  Acad.  Sci,  U.S.  50 ,  931,  1963. 

51.  Kallos,  J. ,  and  Rizok,  D.  ,  J„  Mol.  Biol.  J9,  255,  1964. 

52.  Wilcox,  P.E.,  and  Cobain,  W.A.,  Ann.  Rev.  Biochem.  32.  275, 

1963. 

53.  Fahrney,  D.E.,  and  Gold,  A.M.,  J.  Amer.  Chem.  Soc,  85,  997, 

1963. 

54.  Gold,  A.M. ,  and  Fahrney,  D.E.,  Biochemistry  3,  783,  1964. 

55.  Hartley,  B.S.,  and  Kilby,  B.A.,  Biochem.  J.  56,  288,  1954. 

56.  Bender,  M.L.,  and  K6zdy,  F.J.,  J.  Amer.  Chem.  Soc.  86,  3704, 

1964. 

57.  Bender,  M.L.,  K6zoy,  F.J.,  and  Gunter,  C.R.,  J.  Amer.  Chem. 
Soc.  86,  3714,  1964. 

58.  Oosterbaan,  R.A.,  and  van  Adrichem,  M.E.,  Biochim.  Biophys. 
Acta  27,  423,  1958. 

59.  Cohen,  J.A. ,  Oosterbaan,  R.A.,  Jansz,  H.S.,  and  Berends,  F. , 
J.  Cell,  and  Comp.  Physiol.  54,  Supp.  1,  1959. 


H  ,amv  ~ '  - 


,  *M.  A  *bl oO 

.e* 

%J.T*  %boLIbX 

#  ■ * 1 

e '  vs  ,  '/..V  5_4 

.!«  >05  .a.g...  ,.bSQA  .XJcM„.po3i 


.  .£  ,c  :  ,  .  -  j  •_  .Ol  jt.  ,  ,  x<  ••  ;  bne  .T  tsol.  fl  l 


.aa 

-147- 


60.  McDonald,  C.E.,  and  Balls,  A.K.,  J.  Biol.  Chem.  227 #  727, 
1957. 

61.  Schonbaum,  G.R.,  Zerner,  B. ,  and  Bender,  M.L.,  J.  Biol. 

Chem.  236,  2930,  1961. 

62.  Bender,  M.L.,  Schonbaum,  G.R. ,  and  Zerner,  B. ,  J .  Arne r . 

Chem,  Soc.  84,  2540,  1962. 

63.  Wood,  H.N.  and  Balls,  A.K.,  J.  Biol.  Chem.  213,  297,  1955. 

64.  Hachimori,  Y. ,  Kurihara,  K. ,  Horinishi,  H. ,  Matsushima,  A., 
and  Shibata,  K. ,  Biochim.  Biophys.  Acta  105,  167,  1965. 

65.  Lumry,  R. ,  and  Parker,  H.,  Federation  Proc.  21,  246,  1962, 

66.  Parker,  H.,  and  Lumry,  R.,  J.  Amer.  Chem.  Soc.  85 ,  483, 

1963. 

67.  Havsteen,  B.H.,  and  Hess,  G.P.,  J,  Amer.  Chem.  Soc.  85, 

791,  1963. 

68.  Moon,  A.  Y. ,  Sturtevant,  J.M. ,  and  Hess,  G.P.,  J.  Biol.  Chem. 
240,  4204,  1965. 

69.  Neurath,  H. ,  and  Hartley,  B.S.,  J.  Cell,  and  Comp.  Physiol. 
54,  Supp.  1,  179,  1959. 

70.  Abrash,  H.I.,  and  Niemann,  C.,  Biochemistry  2,  947,  1963. 

71.  Almond,  H.R.,  Manning,  D.T.,  and  Niemann,  C.,  Biochemistry 
1,  243,  1962. 


72.  Hartley,  B.S.,  in  Structure  and  Activity  of  Enzymes,  edit, 
by  Goodwin,  T.W.,  Harris,  J.I.,  and  Hartley,  B.S.,  Academic 
Press,  London,  1964,  p.47. 


73. 

Koshland,  Jr.,  D.E.,  Karkhanis,  Y.D.,  and  Latham,  H.G 
J.  Amer.  Chem.  Soc.  86,  1448,  1964. 

•  / 

74. 

Horton.  H.R. ,  and  Koshland,  Jr.,  D.E.,  J.  Amer.  Chem. 

Soc. 

87,  1126,  1965. 

75. 

Horton.  H.R.,  Kelley,  H. ,  and  Koshland,  Jr.,  D.E.,  J. 

Biol. 

Chem.  240,  722,  1965. 

76. 

Dixon.  G.H..  and  Schachter,  H. ,  Can.  J.  Biochem.  42, 
1964. 

695, 

77. 

Grazi,  E.,  Meloche,  H.,  Martinez,  G.,  Wood,  W.A.,  and 
Horecker,  B.L.,  Biochem.  Biophys.  Res.  Comm.  10,  4,  1963. 

' 


bnf  ,  >1  ,  mj~  :fu  ..  , .  J  .  >.  -d 


■ 

:  *  ,  .  ,  f 


v  Ai  ytteBSL  M 

• 

■  Tt  .n&O  *.H  ,1  BlrtoAtioZ  baa  *.H.D  %nox±Q  ,.dV 


ns  , .A.W  %booW  %.0  .ssnii^sM  % .H  .erfoolsM  ,.3  ,xss*0  .W 


-148- 


78.  Simpson,  R.T.#  Riordan,  J.F.,  and  Vallee,  B.L.,  Biochemistry 
2,  616,  1963. 

79.  Chervenka,  C.H.,  and  Wilcox,  P.E.,  J,  Biol.  Chem.  222,  635, 
1956. 

80.  Filmer,  D.L.,  and  Koshland,  Jr.,  D.E.,  Biochem.  Biophys. 

Res.  Comm.  17,  189,  1964e 

81.  Dube,  S.K. ,  Roholt,  O.A*  and  Pressman,  D.,  J.  Biol.  Chem. 

239,  1809,  1964. 

82.  Glazer,  A.N. ,  and  Sanger,  F.,  Biochem.  J.  90 ,  92,  1964. 

83.  Dube,  S.K. ,  Roholt,  0oA„,  and  Pressman,  D.,  J.  Biol.  Chem. 

239,  3347,  1964. 

84.  Labouesse,  B.,  Carlsson,  K. ,  Oppenheimer,  H.L.,  and  Hess, 
G.P.,  in  Structure  and  Activity  of  Enzymes,  edit,  by  Goodwin, 
T.W.,  Harris,  J.I.,  and  Hartley,  B„S„,  Academic  Press, 

London,  1964,  p.71. 

85.  Labousse,  B.,  Oppenheimer,  H.L.  and  Hess,  G.P.,  Biochem. 
Biophys.  Res.  Comm.  14,  318,  1964. 

86.  Moon,  A.Yo,  Sturtevant,  J.M. ,  and  Hess,  G.P.,  J.  Biol.  Chem. 

240,  4204,  1965. 

87.  Bender,  MCL„,  Schonbaum,  G.R.  and  Zerner,  B. ,  J.  Amer.  Chem. 
Soc.  84,  2562,  1962. 

88.  Koshland,  Jr.,  D.E.,  Strumeyer,  D.H.,  and  Ray,  Jr.,  W.J., 
Brookhaven  Symp.  Biol.  15 ,  101,  1962. 

89.  Schachter,  H.,  and  Dixon,  G.H.,  Brookhaven  Symp.  Biol.  15, 
121,  1962. 

90.  Dixon,  G.H.,  andSchachter,  H. ,  Federation  Proc.  22.,  508, 
1963. 

91.  Knowles,  J.R. ,  Biochem.  J.  95,  180,  1965. 

92.  Knowles,  J.R.,  Abstr.  1st  Meeting  Fed.  European  Biochem.  Soc. 
Academic  Press,  London,  1964,  A28. 

93.  Brown,  J.R.,  and  Hartley,  B.S.,  Biochem.  J.  89,  59P,  1963. 

94.  Cunningham,  L.W. ,  Science  125 .  1145,  1957. 

95.  Cunningham,  L.W.,  and  Brown,  C.S.,  J.  Biol.  Chem.  221,  287, 

1956. 


5£d  ,S_S  A  -a-M  tP‘  ;K  V^;:- 


■~P  -I°«  A  ■•«  -  ’'tSJi-jKE'S  •“ 


, aasi^  O-nnsbcoA  %« 


- 


a,jwLi  ••■  .»“«=  “*  •*•• 


;,  .vBfl  bne  , .H.a 


,.H.L  ,8«XwoaX 

. 


Edex  ,iea  .£S  .t,  .mgrfooia  ,  .2. a  .^slncH  bn*  ,.  .  .nwo^a 


■  — - 

.voex  %SM I  .ILL  sonexoi  *-w-J  .mxsrfpniani 

<v»ir  ' r'in  rnmt'") 


,78£  ,JK  .mrfD  -Xoxa  .b  ..a.o  .nwo^a  bn 6  ,  .W.J  .mBrfpninn^D 


.*e 

.ee 


-149- 


96.  Hammond,  B.R. ,  and  Gutfreund,  H. ,  Biochem.  J.  61,  187,  1955. 


97.  Weil,  L. ,  James,  S.,  and  Buchert,  A.R.,  Arch.  Biochem. 
Biophys.  46,  266,  1953. 

98.  Whitaker,  J.R.,  and  Jandorf,  B.J.,  J.  Biol.  Chem.  223 , 

751,  1956. 

99.  Hartley,  B.S.,  and  Massey,  V. ,  Biochim.  Biophys.  Acta  21, 

58,  1956. 

100.  Gundlach,  G.,  Koehnec,  A.,  Turba,  F.,  Biochem.  Z.  336, 

215,  1962. 

101.  Shaw,  E . ,  and  Schoe liman,  G.,  Biochem.  Biophys.  Res, 

Comm.  _7,  36,  1962. 

102.  Schoellman,  G.,  and  Shaw,  E.,  Federation  Proc.  21,  232, 

1962. 

103.  Shaw,  E„,  Brookhaven  Symp.  Biol.  15 ,  123,  1962. 

104.  Schoellman,  G„,  and  Shaw,  E.,  Biochemistry  2,  252,  1963. 

105.  Smillie,  L.B.,  and  Hartley,  B.S.,  Abstr.  1st  Meeting  Fed. 
European  Biochem.  Soc.,  Academic  Press,  London,  1964,  A30. 

106.  Pospi^ilovci,  D. ,  Meloun,  B„ ,  and  ^orm,  F.  ,  Abstrt.  1st 
Meeting  Fed.  European  Biochem.  Soc,,  Academic  Press,  London, 

1964,  A3 1 . 

107.  Ong,  E.B.,  Schoellmann,  G„,  and  Shaw,  E.,  J.  Amer.  Chem. 

Soc.  86,  1271,  1964. 

108.  Ong,  E.B.,  Shaw,  E.,  and  Schoellmann,  G„,  J.  Biol.  Chem. 

240,  694,  1965. 

109.  Stevenson,  K.J.,  and  Smillie,  L.B.,  J.  Mol.  Biol.  12 ,  937, 

1965. 

110.  Marfey,  P.S„,  Nowak,  H„,  Uziel,  M.  and  Yphantis,  D.A., 

J.  Biol.  Chem.  240,  3265,  1965. 

111.  Marfey,  P.S.,  Uziel,  M. ,  and  Little,  J. ,  J.  Biol.  Chem. 

240,  3270,  1965. 

112.  Marfey,  P.S.,  and  King,  M.V.,  Biochim.  Biophys.  Acta  105. 
178,  1965. 

113.  Wold,  F.,  J.  Biol.  Chem.  236,  106,  1961. 


-PM- 


.(XKdriooJtfi  .rfoxA  t.H.A  bnfi  ,.2  %&9flLsL 

.-  '  .  'vvir;c 

•— •  —* — *• — * 


.loia  .L  .iiobneO  bne  ,  .fl.t.  ,i9Jte>ifIW  .8C 


;£  ,.8  .fid' o.'T  ,.A  n  feoX  ,.0  .rfoeibnuO  .001 


.*0 1 


-t&rD  ,19  iA  .1.  ,.y.  %v  rfC  bn*  tpD  %nne:a£Soo  ,  .H  :i  ,  pn  ) 

,  -  •  f  rc  f  ~iP. 


»  I* -vK  I  X  \  £  .!  ,  38 


,m®rD  .1)10.  ..I 


•  marfD  .loia  .t,  .  .0  hne  ,.M  ,I»isU  ,.8.8  ,y£>3h<5M 


.301  &:roA  .avuqold  .  lirfsoJtfi  *.V.M  %pnlX  bne  %.2*q 

,aoi  .aes  .norio  .it-i-a  .x.  ,.a  ,Mow 


-150- 


114.  Singh,  A.,  Thornton,  E.R.,  and  Westheiraer,  F.H.,  J.  Biol. 

Chem.  237,  PC  3006,  1962. 

115.  Shafer,  J. ,  Baronowsky,  P.,  Laursen,  R.,  Finn.  F.,  and 
Westheimer,  F.H.,  JP  Biol.  Chem0  241,  421,  1966. 

116.  Schroeder,  W.L.,  Ann. Rev.  Biochem.  32,  301,  1963. 

117.  Zuckerkanoi,  E.,  Jones,  R.T.,  and  Pauling,  L.,  Proc. 

Natl.  Acad.  Sci.U.S.  46,  1349,  1960. 

118.  Braunitzer,  G„,  and  Matsuoa,  G. ,  Z.  Physiol.  Chem. 

324,  91,  1961. 

119.  Margoliash,  E.,  and  Smith,  E.L.,  J.  Biol.  Chem.  237 . 

2148,  1962. 

120.  Matsubara,  H.,  and  Smith,  E.L.,  J.  Biol.  Chem.  238,  2732,1963. 

121.  Chan,  S.K. ,  Needleman,  S.B.,  Stewart,  J.W. ,  Walasek,  O.F., 
and  Margoliash,  E.,  Federation  Proc.  22,  658,  1963. 

122.  Anfinsen,  C.Be,  J.  Cell,  and  Comp. Physiol.  54,  215,  1959. 

123.  Sanger,  F.,  Science  129,  1340,  1959. 

124.  Hartman,  F.C.,  and  Wold,  F. ,  Federation  Proc.  25,  527, 

1966. 

125.  Staag,  H.A.,  and  Wendel,  K. ,  Ber .  93 ,  2902,  1960. 

126.  Hofmann,  K.  in  The  Chemistry  of  Heterocyclic  Compounds 

Ed.  A.  Weissberger,  Interscience  Publishers  Inc.,  New  York, 
Part  I,  1953. 

127.  Jencks,  W.P.,  Ann.  Rev.  Biochem.  32,  648,  1963. 

128.  Horinishi,  H.,  Kurihara,  K. ,  and  Shibata,  K. ,  Arch.  Biochem. 
Biophys.  Ill,  520,  1965. 

129.  Enenkel,  A.G. ,  Ph.B.  Thesis,  University  of  Alberta,  1962. 

130.  Dixon,  G.H.,  Go,  S.,and  Neurath,  H. ,  Biochim.  Biophys. 

Acta  19,  193,  1956. 

131.  Hartley,  B.S.,  Brookhaven  Symp.  Biol,  15,  85,  1962. 

132.  Brown,  J.R.,  and  Hartley,  B.S.,  Biochem.  J.  In  Press. 

133.  Keil,  B„,  Prusik,  Z.,  and  ^orm,  F. ,  Biochim.  Biophys. 

Acta  78,  559,  1963. 


,a  jrt D  t  .H.1  ^©miorttasW 


- 


. 


■ 


edaaisW  .A  .53 


.  ■  ■  ■  '.  ■  •  •  • 


-151- 


134.  Schaffer,  N.K.,  Simet,  L. ,  Harshman,  S.,  Engle,  R.R., 
and  Drisko,  R.W.,  J.  Biol.  Chem.  225 ,  197,  1955. 

135.  Naughton,  M.A.,  Sanger,  F. ,  Hartley,  B.S.,  and  Shaw, 
D.C.,  Biochem.  J'e  77 ,  149,  1960. 

136.  Gladner,  J.A.,  and  Laki,  K. ,  J.  Amer.  Chem.  Soc.  80, 
1263,  1958. 

137.  Sanger,  F. ,  and  Shaw,  D.C.,  Nature  187,  872,  1960. 

138.  Berhhard,  S.A.,  and  Tashjian,  Z.H.,  J.  Amer.  Chem. 

Soc.  87,  1806,  1965. 

139.  Jansz,  H.S.,  Posthumus,  C.H.,  and  Cohen, J. A.,  Biochim. 
Biophys.  Acta  33,  396,  1959. 

140.  Jansz,  H.S.,  Brons,  Dc,  and  Warringa,  M.G.P.J.,  Biochim. 
Biophys.  Acta  34,  573,  1959. 

141.  Enenkel,  A.G.,  and  Smillie,  L.B.,  Biochemistry  2,  1445, 
1963. 

142.  Bernhard,  S.A.,  Brookhaven  Symp.  Biol.  15 ,  128,  1962. 

143.  Shaw,  E . ,  Mares-Guia,  M. ,  and  Cohen,  W. ,  Biochemistry 
4,  2219,  1965. 

144.  Laskowski,  Jr.,  M. ,  and  Warrington,  T.L.,  Abst.  Sixth 
Inter.  Congress  of  Biochem. ,  New  York,  July  1964,  p.163. 

145.  Hachimori,  Y. ,  Horinishi,  H.,  Kurihara,  K.  ,  Shibata,  K.  , 
Biochim.  Biophys.  Acta  93,  346,  1964. 

146.  Gundlach,  H„G. ,  Stein,  W.H.,  and  Moore,  S.,  J.  Biol. 
Chem. r  234,  1754,  1959. 

147.  Chervenka,  C.H.,  Biochim.  Biophys.  Acta  31,  85,  1959. 

148.  Hofmann,  T. ,  and  Scrimger,  S.T.,  Federation  Proc.  25 , 
589,  1966. 

149.  Walsh,  K.A. ,  Kauffman,  D.L.,  Kumar,  K. ,  S.V.S.  and 
Neurath,  H. ,  Proc.  Natl.  Acad.  Sci.  U.S.  51,  301,  1964. 

150.  Walsh,  K.A.,  and  Neurath,  H. ,  Proc.  Natl.  Acad.  Sci. 

U.S.  52,  884,  1964. 

151.  Bender,  M.L.,  Killheffer,  Jr.,  J.V. ,  and  K^zdy,  F.J., 

J.  Amer.  Chem.  Soc.  86,  5330,  1964. 


%sXpn3  ,  *8  %n»mjrfaiBH  %.J  faints  W  %<xsiiBlfc>8 


.  .3,3  %ysJ***h  %ttspn£8  ,  .A.M  ,nodrf*- 

.odd  te*r.  tn  .(nsffpoia  %.o.a 


. 


.  2dd  ,  )OijX  %V  .. 


_  A  A. 


. 


.flixrfp  -  xg  ,  ipniir  W  brie  ,  ,^»oia  ,  ?. .  ,s  n  C, 

.cecx  ,e\c  ,±e  s*oa  ^  ..i 

td*M  .  ,  •  ;f eiinsrf:;  .oillxmE  b.<s  D.  >  ,i  ^Cnfi3 


rii  ■■  48  .j-,c.A  ,  „J.T  .roJeaii  xbW  bns  ,  .M  ,  0.  sJ 


,.3  .5-  C  ?,.V  ,.H.W  ,ni-9^a  ,.t.H  ,rfOt  I6:WO 


,G  2d  %c  .It  ft  .  iyrfc  ••'  .oix-fooia  .  .H.O  \  Is  isrfO 

. 


.  m  c  %Jte  a; 


■  .  001  i  , . H  % ri i s-uj oft 


-152- 


152. 

153. 

154. 

155. 

156. 

157. 

158. 

159. 

160. 

161. 

162. 

163. 

164. 

165. 

166. 

167. 

168. 

169. 

170. 

171. 


Bender,  M.L.,  Killheffer,  Jr.,  J.V. ,  and  K^zdy,  F.J., 

J.  Amer.  Chem.  Soc.  86,  5331,  1964. 

Gundlach,  G. ,  and  Turba,  F. ,  Biochem.  Z.  335 ,  573,  1962. 

Hartley,  B.S.,  Biochem.  J.  64,  27P,  1956. 

Jandorf,  B.J.,  Michel,  H.D.,  Schaffer,  N.K. ,  Edgar,  R. , 
and  Summerson,  W.H. ,  Disc.  Faraday  Soc.  20,  134,  1955. 

Schachter,  H. ,  and  Dixon,  G.H. ,  J.  Biol.  Chem,  239, 

813,  1964. 

Inagami,  T.,  and  Sturtevant,  J.M.,  J.  Biol,  Chem.  235 , 
1019,  1960. 

Inagami,  T.,  and  Murachi,  T.,  J.  Biol.  Chem.  238, 

PC  1905,  1963. 

Inagami,  T. ,  J.  Biol.  Chem.  239,  787,  1964. 

Mares-Guia,  M. ,  and  Shaw,  E.,  J.  Biol.  Chem.  240 ,  1579, 
1965. 

Lindley,  H. ,  Nature  178,  647,  1956. 

Hofmann,  T. ,  Biochemistry  3_,  356,  1964. 

Jones,  R.T.,  Symp.  on  Quan.  Biology.  29,  297,  1964. 

Canfield,  R.E.,  and  Anfinsen,  C.B.,  J.  Biol.  Chem.  238, 
2684,  1963. 

Freudlich,  H. ,  and  Neuman,  N. ,  Z.  Physiol.  Chem,  87 , 

69,  1914. 

Freudlich,  H. ,  and  Kraepelin,  H. ,  Z. Physiol,  Chem.  122, 
39,  1926. 

Schwert,  G.W.,  and  Takenaka,  T.,  Biochim.  Biophys.  Acta 
16,  570,  1955. 

Dixon,  G.H. ,  and  Wade,  R.D.,  Science  127,  338,  1958. 

Green,  M.M.,  Gladner,  J.A.,  Cunningham,  L.W. ,  Jr.,  and 
Neurath,  H. ,  J.  Amer.  Chem.  Soc.  74,  2122,  1952. 

Wu,  F.C.,  and  Laskowski,  M. ,  Biochim.  Biophys.  Acta  19, 
110,  1956. 

Gomoli,  G.,  in  Methods  in  Enzymology,  ed.  by  Colowick, 
S.P.,  and  Kaplan,  N.O.,  Academic  Press,  New  York,  1955, 
Vol.  1,  p.138. 


■-  >'  .  i  ,i  • «;  ?wrj 


- 


%.i-.  ')  kn  .<2  i\  >  m  % .  :  Is  ii.  •) 


bBOh  %.i  .-'i  ,rt££q/5?i  bru  %.<3.3 


-153- 


172.  Erlanger,  B.F.,  and  Cohen,  W. ,  J.  Amer.  Chem.  Soc. 

85,  358,  1963. 

173.  Bender,  M.L.,  Personnal  communication. 

174.  Keith,  M. ,  and  Smillie,  L.B.,  Unpublished  data. 

175.  Neurath,  H. ,  Rupley,  J.A.,  and  Dreyer,  W.J.,  Arch. 
Biochem.  Biophys.  65 ,  243,  1956. 

176.  Cunningham,  L.W.,  J.  Biol.  Chem.  207 ,  443,  1954. 

177.  Furka,  A.,  Smillie,  L.B.,  Stevenson,  K.J.,  and  Parkes, 
C.O.,  Federation  Proc,  25 ,  789,  1966. 

178.  Koshland,  D.E.,  Jr.,  Proc.  Nat.  Acad.  Sci.  U.S.  52, 

1017,  1964. 

179.  Bender,  M.L.,  Clement,  G.E.,  K6zdy,  F.J.,  and  Zerner, 

B.,  J.  Amer.  Chem.  Soc.  85 ,  358,  1963. 

180.  K^zdy,  F.J.,  Clement,  G.E.,  and  Bender,  M.L.,  J .  Arne r . 
Chem.  Soc.  86,  3690,  1964. 

181.  Bender,  M.L.,  Clement,  G.E.,  Kizdy,  F.J.,  and  d'A.  Heck, 
H„ ,  J.  Amer.  Chem.  Soc.  86,  3680,  1964. 

182.  Erlanger,  B.F.,  Castleman,  H. ,  Cooper,  A.G.,  J.  Amer. 
Chem.  Soc,  85 ,  1872,  1963. 

183.  Erlanger,  B.F.,  and  Cohen,  W. ,  Federation  Proc.  22 , 

509,  1963. 

184.  Erlanger,  B.F.,  Cohen,  W. ,  Vratsanos,  S.M.,  Castleman, 

H. ,  and  Cooper,  A.G.,  Nature  205 ,  868,  1965. 

185.  Neurath,  H. ,  and  Schwert,  G.W.,  Chemical  Reviews  46, 

69,  1950. 

186.  Wallace,  R.A.,  Kurtz,  A.N.,  and  Niemann,  C.,  Biochemistry 
2,  824,  1963. 

187.  Bernhard,  S.A.,  Lau,  S.J.,  and  Noller,  H.F.,  Biochemistry 
4,  1108,  1965. 

188.  Wilcox,  P.E.,  Cohen,  E.,  and  Tan,  W. ,  J.  Biol.  Chem.  228 . 
999,  1957. 

189.  Smillie,  L.B.,  and  Hartley,  B.S.,  Biochem.  J.  In  Press 

190.  Schroeder,  W.A.,  and  Jones,  R.T.,  Biochemistry  2,  992, 
1963. 


•  -  '*  ,.0.' 


. 


PA 


-154- 


191.  de  Boer,  Th.J.,  and  Backer,  H.J.,  Rec.  Tray.  Chim.  73 , 
229,  1954. 

192.  de  Boer,  Th.J.,  and  Backer,  H.J.,  Organic  Syntheses  34 , 
96,  1954. 

193.  Arndt,  F. ,  Organic  Syntheses,  John  Wiley  and  Sons  Inc., 
New  York,  1943,  Coll.  Vol.  II,  p.165. 

194.  McChesney,  E.W.,  and  Swann,  Jr.,  W.K.  J.  Amer.  Chem.  Soc. 
59,  1116,  1937. 

195.  Guy,  0. ,  Gratecos,  D.,  Rovery,  M„ ,  and  Desnuelle,  P. , 
Biochim.  Biophys.  Acta  115,  404,  1966. 

196.  Vogel,  A. I.,  Practical  Organic  Chemistry,  John  Wiley  and 
Sons  Inc.,  New  York,  Third  Edition,  1962,  p.972. 

197.  Ibid;  p.905. 

198.  Raftery,  M.A.,  and  Cole,  R.D.,  Biochem.  Biophys.  Res. 
Comm.  10,  467,  1963. 

199.  Witkop,  B. ,  Adv.  Protein  Chem.  16,  221,  1961. 

200.  Cavallini,  D.,  de  Marco,  C. ,  Mondovi,  B. ,  and  Azzone, 

G.F. ,  Experimentia  11,  61,  1955. 

201.  Kostka,  V.,  and  Carpenter,  F.H.,  J.  Biol.  Chem.  239, 

1799,  1964. 

202.  Stark,  G.R.,  and  Smyth,  B.G.,  J.  Biol.  Chem.  238,  214, 
1963. 

203.  Schroeder,  W.A.,  Jones,  R.T.,  Cormick,  J. ,  and  McCalla, 

K. ,  Anal,  Chem.  34,  1569,  1962. 

204.  Hill,  R.L.,  Adv.  Protein  Chem.  20,  37,  1965. 

205.  Organic  Electronic  Spectral  Bata,  Ed.  by,  Phillips,  J.P., 
and  Nachod,  F.C.,  Interscience  Publishers,  New  York, 

Vol.  4,  1958. 

206.  Gray,  W.R.,  and  Hartley,  B.S.,  Biochem.  J.  89,  59P,  1963. 

207.  Ambler,  R. ,  Biochem.  J.  89 ,  349,  1963. 

208.  Sanger,  F. ,  Biochem.  J.  39,  507,  1945. 

209.  Edman,  P.,  Acta  Chem.  Scand.  4,  277,  1950. 


' 


•  ■  ' 

. 


- 


. 


■ 


-155- 


210.  Edman,  P.,  Acta  Chem,  Scand.  ,  283,  1950. 

211.  Edman,  P. ,  Acta  Chem.  Scand.  1_,  700,  1953. 

212.  Gray,  W.R.,  Ph.D.  Thesis,  St.  John's  College,  University 
of  Cambridge,  1964. 

213.  Michl,  H. ,  Monatsh  Chem.  82,  489,  1951. 

214.  Michl,  H. ,  Chromatographic  Reviews,  Elsevier  Publishing 
Co.,  Amsterdam,  1959,  Vol.  1,  p.ll. 

215.  Gross,  D. ,  J.  Chromatog,  _5,  194,  1961. 

216.  Boulton,  A. A.,  and  Bush,  I.E.,  Biochem,  J.  92,  lip,  1964. 

217.  Offord,  R.E.,  University  of  Cambridge,  Unpublished  data. 

218.  Ingram,  V. ,  Methods  in  Enzymology  6 ,  831,  1963. 

219.  Goldberger,  R.F.,  and  Anfinsen,  C.B.,  Biochemistry  1, 

401,  1962. 

220.  Hofmann,  T.,  Walsh,  K.A.,  Kauffman,  D.L.,  and  Neurath, 

H,,  Federation  Proc„  22,  528,  1963. 

221.  Toi,  K. ,  Bynum,  E.,  Norris,  E.,  and  Itano,  H.A.,  J. 

Biol.  Chem.  240, . PC  3455,  1965. 

222.  Himoe,  A.,  and  Hess,  G.P.,  Biochem.  Biophys.  Res.  Comm. 
23,  243,  1966. 

223.  Cohen,  S.G.,  Crossley,  J. ,  Khedouri,  E.,  Zand,  R. ,  and 
Klee,  L.H. ,  J.  Amer,  Chem.  Soc.  85 ,  1685,  1963. 

224.  Popenoe,  E.A.,  and  du  Vigneaud,  V. ,  J.  Amer.  Chem.  Soc. 
76,  6202,  1954. 

225.  McPhee,  W.D.,  and  Klingsberg,  E„ ,  Organic  Syntheses, 

John  Wiley  and  Sons  Inc.,  New  York,  1955,  Coll.  Vol.  Ill, 
p.  119. 

226.  Eistert,  B.,  in  Newer  Methods  of  Preparative  Organic 
Chemistry,  Academic  Press,  New  York,  1948,  Coll.  Vol.  II, 
p.  513. 

227.  Bachmann,  W.E.,  and  Struve,  W.S.,  in  Organic  Reactions 
Adams,  R.,  (Editor),  John  Wiley  and  Sons  Inc.,  New  York, 
1942,  Vol.  I,  p.  38. 

228.  Hofmann,  T. ,  Gertler,  A.,  and  Scrimger,  S.T.,  Proc,  Can. 
Fed,  of  Biol,  Soc.  _9,  11,  1966. 


.  ;>ei  % '  r>5j  :  d'  isO  o 


l  '■  • 


.a  i  %i  ,•  £ 


:!5irW  %.L  ,Y  >Xbp,o10  ,.0.2  %>Aerf*:0 


■ 


-156- 


229.  Gundlach,  H.G.,  Moore,  S.,  and  Stein,  W.H. ,  J,  Biol. 

Chem.  234,  1754,  1959. 

230.  Crestfield,  A.M.,  Stein,  W.H.,  and  Moore,  S.,  J.  Biol, 
Chem.  238,  2413,  1963. 

231.  Heinrikson,  R.L.,  Stein,  W.H.,  Crestfield,  A.M. ,  and 
Moore,  S. ,  J.  Biol.  Chem.  240,  2921,  1965. 

232.  Heinrikson,  R.L.,  J.  Biol.  Chem.  241,  1393,  1966. 

233.  Moore,  S.,  and  Stein,  W.H.,  Methods  in  Enzymology, 

ed.  by  S.P.  Colowick,  and  N.O.  Kaplan,  Academic  Press, 

New  York,  1963,  Vol.  6,  p.  819. 

234.  Ingram,  V.M. ,  Methods  in  Enzymology,  ed.  by  S.P.  Colowick 
and  N.O.  Kaplan,  Academic  Press,  New  York,  1963,  Vol.  6. 
p.  847. 

235.  Moore,  S.,  J.  Biol.  Chem.  238,  235,  1963. 

236.  Heilmann,  J. ,  Barollier,  J. ,  and  Watzke,  E. ,  Z.  Physiol. 
Chem.  309,  219,  1957. 

237.  Greenstein,  J.P.,  J.  Biol.  Chem.  93,  479,  1931. 

238.  Hassall,  C.H.,  In  Organic  Reactions,  ed,  by  R.  Adams, 

John  Wiley  and  Son  Inc.,  New  York,  1957,  Vol.  9,  p.73. 

239.  Spackman,  D.H.,  Stein,  W.H. ,  and  Moore,  S.,  Anal.  Chem. 
30,  1190,  1958. 

240.  Korman,  S.,  and  Clarke,  H.T.,  J.  Biol.  Chem.  221,  113, 

1956.  . . 

241.  Deranleau,  D.A.,  and  Neurath,  H„,  Biochemistry  5_,  1413, 
1966. 

242.  Baeyer,  A.,  and  Villiger,  V.,  Ber .  32 ,  3625,  1899. 

243.  Criegee,  R. ,  Ann.  560,  127,  1948. 


244.  Doering,  W.  van  E.,  and  Dorfman,  E.,  J.  Amer.  Chem.  Soc. 
75,  5595,  1953. 


245. 

Gibson, 

1966. 

D.M.,  and 

Dixon, 

G.H. , 

Federation 

Proc. 

25,  650, 

246. 

Gibson, 

D.M. ,  and 

Dixon, 

G.H. , 

Proc.  Can. 

Fed. 

of  Biol. 

Soc.  9, 

68,  1966. 

»*gtf**  '-H-w  •nie:,a  brt6  “8  .££  ;  V  ' 


. 


\ 


.eeac  :se .  ..  ..  ,«ei-  *  >  •  fi  .-^v^a  :w 


-157- 


247.  Gerwin,  B. ,  Stein,  W.H.,  and  Moore,  S.,  Federation  Proc. 
25,  650,  1966. 

248.  Mares-Guia,  M. ,  and  Shaw,  E.,  Federation  Proc.  22,  528, 
1963. 

249.  Schoellman,  G.,  Biochem.  Z.  343,  103,  1965. 

250.  Petra,  P.H.,  Cohen,  W. ,  and  Shaw,  E.,  Biochem.  Biophys. 

Re s .  Comm .  21,  612,  1965. 

251.  Seegers,  W.H.,  Heene,  D. ,  Marciniak,  E.,  Ivanovic,  N. , 
and  Caldwell,  J.J.,  Life  Sciences  4,  425,  1964. 

252.  Folk,  J.E.,  and  Schirmer,  E.W.,  J.  Biol.  Chem,  240, 

181,  1965. 

253.  Folk,  J.E.,  and  Cole,  P.W.,  J.  Biol.  Chem,  240,  193,  1965. 

254.  Tontci^ek,  V. ,  Severin,  E.S.,  and  Sorm,  F.,  Biochem. 

Biophys.  Res.  Comm.  20,  545,  1965. 

255.  Gundlach,  H.G.,  Moore,  S.,  and  Stein,  N.H.,  J.  Biol. 

Chem.  234,  1761,  1959. 

256.  Ryle,  A.P.,  Sanger,  F.,  Smith,  L.F.,  and  Kitai,  R. , 
Biochem.  J.  60.  541,  1955. 

257.  Bailey,  J.L.  in  Techniques  in  Protein  Chemistry, 

Elsevier  Publishing  Co.,  London,  1962,  p.  37. 

258.  Rydon,  H.N.,  and  Smith,  P.W.G.,  Nature  169,  922,  1952. 

259.  Dent,  C.E.,  Biochem.  J.  41,  240,  1947. 

260.  Block,  R.J.,  Durrum,  E.L.,  and  Zweig,  G.,  A  Manual  of 
Paper  Chromatograph  and  Paper  Electrophoresis.  Academic 
Press,  New  York,  1955. 


.da ex  ,oea  ,2jL 

■ 

* 


. 


Appendix  A 


Ionophoresis 

High-voltage  ionophoresis  was  performed  in  the  vertical 
strip  apparatus  of  Michl  (213 ,  214)  as  modified  by  Ryle  et:  al. 

(256) .  For  a  definitive  discussion  of  this  technique  the 
reader  is  referred  to  an  excellent  monograph  by  J.  Leggett 
Bailey  (257 ) . 

The  apparatus  used  in  the  present  studies  was  constructed 
from  an  all-glass  Shandon  Chromatank  (22  1/2"  x  9"  x  22  1/2" 
deep)  purchased  from  Consolidated  Laboratories  (Canada)  Ltd. 

Stainless  steel  electrode  connectors  were  mounted  in 
holes  bored  below  the  trough  supports  and  were  made  leak-proof 
with  teflon  washers.  Platinum  electrodes  were  used  exclusively. 
Constant  voltages  up  to  5  Kv  (D.C.)  were  maintained  by  Savant 
high-voltage  instruments. 

The  upper  glass  buffer  trough  (cathode)  was  held  in 
position  by  a  glass  rack  fitted  to  the  integral  trough  supports. 
Approximately  two  inches  of  buffer  in  the  bottom  of  the  tanks 
served  as  the  anode  solution.  Suitably  shaped  glass  rods  prev¬ 
ented  the  paper  from  touching  the  sides  of  the  vessel. 

Lucite  lids  supported  glass  cooling  coils  and  were 
connected  to  an  interlock  safety  system.  Lucite  doors,  also 
equipped  with  interlocks,  were  extremely  useful  since  the  paper 
ionophoresis  could  be  viewed  while  in  operation.  Due  to  the 
toxic  nature  of  the  coolants  (toluene/pyridine),  the  units  were 
placed  in  a  fume  hood. 
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The  buffers  and  coolants  used  in  the  ionophoresis  tanks 
were  as  follows: 


pH  1.8 

Buffer : 
(207) 


Coolant 


pH  3.5 

Buffer : 
(207) 


Coolant 


pH  6.5 

Buffer : 


Coolant : 


2%  formic  acid  (Fisher  certified  reagents) 
8%  acetic  acid  (Fisher  certified  reagents) 

Varsol  (Imperial  Oil  Co.) 


1890  ml  deionized  water 

10  ml  pyridine  (Fisher  certified  reagent) 
100  ml  glacial  acetic  acid 

Varsol 


879  ml  deionized  water 
100  ml  pyridine 

3  ml  glacial  acetic  acid 

92%  toluene  (Fisher  certified  reagent) 
8%  pyridine 
(by  volume) 


Standard  amino  acid  mixtures  were  conveniently  prepared 
by  combining  200  pi  of  a  stock  soluiton  of  each  amino  acid 


M) 

as  indicated  below: 

SI 

CM-CYS,  TYR,  PHE, 

THR, 

LEU, 

VAL, 

ALA, 

GLY, 

ARG, 

CYSTEIC 

S2 

metso2/  ASP,  glu. 

PRO, 

ILE, 

SER, 

ALA, 

HIS, 

LYS, 

CYSTEIC 

A  10  pi  1  aliquot  of  the  amino  acid  mixtures  (SI  and  S2) 
contained  0.01  pmoles  of  each  amino  acid.  On  occasion  it  has 
been  useful  to  double  the  concentration  of  aspartic  acid  and 
histidine  in  order  to  obtain  clearly  discernable  spots. 

When  paper  ionophoresis  was  conducted  at  pH  6.5  for 
extended  periods  of  time  (2  hours  or  more) ,  it  was  imperative 
that  the  paper  be  thoroughly  saturated  with  the  buffer  prior  to 
ionophoresis  in  order  to  prevent  excessive  drying  of  the  paper 
during  the  run.  The  use  of  the  transparent  lucite  on  the 
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compartment  doors  and  tank  lids  enabled  the  operator  to  detect 
potential  difficulties.  Drying  of  the  paper  was  accompanied 
by  the  formation  of  a  translucent  band  across  the  paper. 

Dansyl  Amino  Acid  Standard  Solutions: 


SD1 

ALA,  ARG, 

ASP, 

GLU, 

GLY, 

HIS, 

ILE, 

LEU,  METS02,  SER 

SD2 

ARG,  ASP, 

GLU, 

LYS, 

PHE, 

PRO, 

THR, 

VAL 

Preparation 

Stock  amino  acid  solution  were  prepared  by  dissolving 
65  |j,moles  of  each  amino  acid  in  10.0  ml  of  0.1  M  NaHCO^ .  Into 
a  series  of  centrifuge  tubes  was  added  1.0  ml  of  a  stock  amino 
acid  solution  and  1.0  ml  of  Dansyl  chloride  (6.0  mg/ml  in 
acetone) .  The  mixtures  were  covered  and  allowed  to  stand  over¬ 
night  at  25°.  NaHCO^  was  precipitated  by  adding  8  ml  of  acetone. 
Following  centrifugation  the  supernatent  was  removed  and  stored 
at  3  . 

Dansyl  amino  acid  standard  solution  (S^l  and  SD2)  were 
prepared  by  mixing  2.0  ml  of  each  stock  Dansyl  amino  acid  solution, 
evaporating  to  dryness,  and  dissolving  the  residue  in  2.0  ml  of 
acetone.  A  2  -  3  |jl1  aliquot  was  spotted  as  standards. 
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Appendix  B 


Detection  Spray s  and  Reagents 

i 


1.  Cadmium-ninhydrin  (Heilman  et  al.  (236)  ) 

The  reagent  was  prepared  by  adding  15  ml  of  a  stock 
cadmium  acetate  solution  (  5g.  cadmium  acetate,  (Fisher 
Certified  Reagent) ,  250  ml  glacial  acetic  acid  and  500  ml 
water)  to  100  ml  of  1%  (w/v)  ninhydrin  (Pierce  Chemical  Co.) 
in  acetone  (Fisher  Reagent  Grade) .  Papers  were  dipped  into  the 
solution  and  the  colors  were  developed  at  60°  for  20  minutes. 
Depending  on  the  nature  of  the  N-terminal  amino  acid,  various 
colors  were  produced.  The  following  table  is  based  upon 
empirical  findings  and  is  representative  of  the  colors  obtained 


with  this  useful  reagent. 
Color 

Yellow  (stable  1  week) 
- *  RED 

Orange 

Slow  Red  (overnight) 
Fast  Red 


N- Terminal  Amino  Acid 

GLY,  SER,  THR,  CYSH,  PRO 
CYSTEIC 


SER,  HIS 
ILE,  VAL 

LEU,  LYS,  ARG,  ASP,  GLU,  TYR,  PHE, 
MET,  METS02,  TRP,  ALA 


2 .  Ordinary  Ninhydrin 

The  reagent  was  0.20  -  0.25%  (w/v)  ninhydrin  in  acetone 
and  was  used  as  a  dip  reagent.  With  the  exception  of  proline, 
all  amino  acids  stained  purple  after  developing  the  color  for 
30  minutes  at  60°. 
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3 .  Starch-Iodine  Reagent  for  Peptides  (258) . 

The  paper  was  first  sprayed  with  a  1/100  dilution  of 
Javex  (Domtar  Consumer  Products  Ltd.)  in  water  and  allowed  to 
dry  at  room  temperature  (10  minutes) .  Subsequent  to  spraying 
with  ethanol  (95%)  and  drying  in  an  oven  at  40°,  a  mixture  of 
equal  volumes  of  1%  potassium  iodide  and  soluble  starch 
(Nutritional  Biochemicals  Corp. )  (final  concentration  of  each 
0.5%)  was  sprayed  on  to  the  paper.  Peptides  appeared  as 
purple  bands  on  a  light  grey  background. 

Compounds  containing  a  -NH-group  (peptides  and  acylated 
amino  acids)  are  readily  detected.  The  reaction  appears  to  be 

pin  tpt 

-CO-NH - ►  -CO-NCI-  - ►  -CO-NH-  +  KC1  +  1/2  I2 . 

This  detection  reagent  may  be  used  after  ninhydrin 

4 .  Pauly  Reagent  for  Histidine. 

(Diazotized  sulfanilic  acid)  (259) 

a.  Synthesis  of  the  reagent: 

Sodium  carbonate  (2g)  and  sulfanilic  acid  (2.2g,  Fisher 
Certified  Reagent)  was  dissolved  in  50  ml  of  warm  water.  Sodium 
nitrite  (2.2g,  Fisher  Certified  Reagent)  in  10  ml  of  water  was 
added  and  the  solution  was  cooled  in  an  ice-bath.  Hydrochloric 
acid  (8  ml  cone.  HC1  in  15  ml  water)  was  slowly  added  with 
stirring  over  a  period  of  20  minutes.  After  precipitation  of 
the  reagent  was  completed,  (1  hour)  it  was  collected  on  a 
filter  and  stored  as  a  paste  in  water  at  3°. 

b.  Detection  Spray: 

A  freshly  prepared  solution  of  diazotized  sulfanilic 
acid  (0.5  ml  of  paste  in  approximately  20  ml  of  cold  5%  Na2C02) 
was  sprayed  on  to  thoroughly  dried  papers.  Histidine  and 


. 


-163- 


histidine  peptides  gave  an  orange-red  spot  (sensitivity  0.1  |ig)  . 
Tyrosine  also  reacted  with  the  Pauly  reagent  to  yield  a  pale 
orange  spot  which  rapidly  fades.  On  occasion,  detection  of 
histidine  peptides  on  pH  1.8  ionograms  not  thoroughly  dried 
was  unsatisfactory.  No  difficulties  were  encountered  with  the 
Pauly  reaction  on  pH  3.5  or  6.5  ionograms.  Pauly  positive 
spots  were  clearly  visible  even  a  year  following  the  prepar¬ 
ation  of  the  ionogram. 

c.  Alternate  Pauly  for  Histidine; 

This  reagent  may  be  used  after  0.5%  ninhydrin  in 
acetone.  Equal  volumes  of  1%  sulfanilic  acid  in  10%  HC1  and 
45%  NaNC>2  in  water  were  mixed  and  allowed  to  stand  at  0°  for 
15  minutes.  The  ionogram  was  subsequently  sprayed  with  this 
reagent  and  allowed  to  dry  at  room  temperature.  Histidine 
peptides  were  detected  as  orange-red  spots  by  spraying  with 
a  solution  of  10%  Na2C02. 

5 .  Ehrlichs  Reagent  for  Tryptophan. 

Ionograms  were  dipped  in  a  freshly  prepared  solution 
of  1%  p -dimethylaminobenzaldehyde  (Matheson,  Coleman  and  Bell 
Co.)  in  90  ml  of  acetone  and  10  ml  of  concentrated  HC1.  In 
about  5  to  10  minutes,  at  room  temperature,  mauve  to  blue 
spots  developed  to  indicate  the  presence  of  tryptophane 
(sensitivity  1  |ug)  . 

6 .  Tyrosine  Dip  Reagent. 

Ionograms  were  dipped  in  a  0.1%  solution  of  1-nitroso 
-2-naphthol  (Fisher  Certified  Reagent)  in  acetone  and  were 
allowed  to  dry  at  25°.  Following  a  second  dip  treatment  with 
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10%  HN03  acetone,  the  papers  were  again  dried  at  room 
temperature.  Heating  the  paper  at  90°  for  3  minutes  revealed 
tyrosine  peptides  as  red  spots  on  a  pale  green  background 
(sensitivity  1  jig)  . 

7 .  Sakaguchi  Reaction  for  Arginine  (257) . 

Arginine  peptides  were  detected  by  first  dipping  the 
ionogram  in  0.1%  8-hydro xyquino line  in  actone  (Matheson, 

Coleman  and  Bell  Co.)  and  drying  at  room  temperature.  The 
paper  was  lightly  sprayed  with  a  solution  of  bromine/NaOH 
(0.2  ml  of  bromine  in  100  ml  of  0.5  N  NaOH)  (Mallinckrodt 
Chemicals) .  Arginine  peptides  appears  as  red  spots  (sensitivity 
0.1  |ig)  . 

For  more  extensive  information  on  the  use  of  detection 
reagents  for  other  amino  acids  (e.cf.  cysteine,  cystine, 
methionine,  serine,  threonine,  glycine,  taurine,  proline) 
the  reader  is  referred  to  Bailey  (257)  and  Block,  Durrum  and 
Zweig  (260) . 
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Appendix  C 


Hydrolysis  Procedure  (233) 

1.  Proteins ; 

The  protein  1  mg)  in  a  pyrex  test  tube  (18  x  150  mm, 
15  x  125  mm)  is  suspended  in  1  ml  of  6N  HC1  (1:1  dilution  of 
reagent  concentrated  HC1) .  Using  a  pair  of  forceps  to  grip 
the  rim  of  the  test  tube,  a  section  of  the  tube  about  2-3  cm 
from  the  top  is  constricted,  in  an  oxygen  flame,  to  about  1  mm 
bore.  The  sample  is  thoroughly  chilled  in  a  bath  of  solid 
carbon  dioxide  and  acetone  and  attached  through  a  short  sleeve 
of  Tygon  tubing  to  an  oil  pump  protected  with  a  dry  ice/acetone 
trap.  When  the  tube  is  evacuated,  the  solution  is  allowed  to 
come  slowly  to  room  temperature.  The  tube  is  shaken  period¬ 
ically  to  dispel  the  dissolved  air  in  the  solution.  When 
bubbles  of  air  cease  to  form  (after  15  minutes) ,  the  tube  is 
sealed  under  vacuum  with  the  aid  of  an  oxygen  flame.  The 
protein  is  hydrolysed  for  20  hours  at  110°  +  2°  and  stored 
(without  opening)  at  -20°  until  required.  Opening  of  the  tube 
is  easily  accomplished  by  scratching  the  surface  with  a  diamond 
pencil  followed  by  applying  a  hot  glass  rod  to  the  scratch. 

The  cut  end  of  the  tube  is  fire-polished  and  the  HC1  is  re¬ 
moved  at  50°  in  a  Buchler  rotary  Evapo-Mix.  In  preparation 
for  amino  acid  analysis,  the  residue  is  subjected  to  air 
oxidation  at  pH  6.5  as  outlined  in  Chapter  4.  2a  ii. 


-165- 


V  r  \  L-9  C  i  ;  9i:.v 

Lr  b  rieotioo  -t  nep;  ;r: 


0  rf.  i  '  7f 

■ 


. 


h 


;  - 


-166- 


2 .  Peptides ; 

Peptides  eluted  with  water  (0.2  ml)  from  paper  iono- 
grams  and  collected  in  10  x  75  mm  pyrex  test  tubes  (234)  were 
made  to  6N  HC1  by  additional  of  an  equal  volume  of  reagent 
grade  concentrated  hydrochloric  acid.  If  the  peptides  were 
eluted  with  solutions  other  than  water,  the  eluents  were  first 
freeze-dried  and  then  hydrolysed  in  0.5  ml  of  6N  HC1.  The 
test  tubes  were  constricted,  evacuated,  sealed  and  hydrolysed 
as  outlined  earlier.  Due  to  the  smallness  of  the  test  tubes, 
the  HC1  was  removed  under  the  vacuum  provided  by  a  good  oil  pump. 
The  residue  was  dissolved  in  an  appropriate  volume  of  0.2  N 
citrate  buffer  pH  2.2  in  preparation  for  amino  acid  analyses. 

3 .  Dansyl  Tubes: 

Although  Gray  and  Hartley  (206,  212)  did  not  hydrolyse 
Dansyl-peptides  in  partially  evacuated  tubes,  such  a  modification 
has  been  employed  in  the  present  studies. 

Following  the  addition  of  ^  50  \il  of  6N  HC1  to  the 
Dansylated  peptide,  a  thin  glass  rod  was  attached  to  the  rim 
of  the  small  test  tube  (6  x  30  mm).  A  section  about  0.5  cm 
from  the  top  of  the  tube  was  constricted  with  the  aid  of  a 
fine  oxygen  flame.  The  glass  rod  was  detached  and  the  tube 
was  briefly  immersed  in  a  dry-ice/acetone  bath.  After  the  tube 
was  attached  to  the  pump,  it  was  partially  evacuated  (30 
seconds  on  pump)  and  sealed  with  an  oxygen  flame.  Hydrolysis 
of  the  Dansyl-peptide  was  conducted  at  110°  for  20  hours.  The 
HC1  was  removed  under  the  vacuum  provided  by  a  good  oil  pump. 
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Appendix  D 


Synthesis  of  L-l-Tosylamido-2-Phenylethyl 

Chloromethyl  Ketone  (L-TPCK) 

1.  N-tosyl-L-phenylalanine :  (194) 

C6H5 • CH2 . CH (NHS02C7H7 ) • COOH 

L-phenylalanine  (10  g.,  60.5  mmoles.  Sigma  Chemicals 
Lot.  24B-06k0)  was  dissolved  in  130  ml  of  IN  NaOH.  Tosyl 
chloride  (12.1  g.,  63.3  mmoles,  Eastman  Organic  Chemicals) 
in  40  ml  of  ether  was  added  and  the  mixture  was  shaken  in 
a  stoppered  container  for  four  hours.  The  emulsion  was 
acidified  to  Congo  red  and  the  white  precipitate  rapidly 
dissolved  into  the  ethereal  layer.  The  aqueous  layer  was 
separated  and  washed  twice  with  ether.  The  ether  layer  and 
washing  were  pooled,  taken  to  dryness,  and  the  residue  was 
recrystalized  from  60%  ethanol.  N-tosyl-L-phenylalanine, 

(15.2  g.,  m.p.  163  -  164°  decomp.,  literature:  M.P.  161°) 
was  obtained  in  80%  yield.  (All  melting  points  are 
uncorrected) . 

2.  N-tosyl-L-phenylalaninyl  chloride: (224) 
c6h5 • ch2 • ch (nhso2c7h7 ) • COC1 

Phosphorous  pentachloride  (3.9  g. ,  18.7  mmoles.  Baker 
Analyzed  Reagent)  was  added  to  N-tosyl-L-phenylalanine  (5.4  g. , 
16.9  mmoles)  in  75  ml  of  anhydrous  ether  at  0°.  The  mixture 
was  shaken  for  10  minutes  at  0°,  then  for  10  minutes  at  25°, 
and  finally  stored  at  0°  for  one  hour.  The  crystalline 
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product  was  filtered  off,  washed  quickly  on  the  Buchner 
funnel  with  a  little  cold  ether  and  then  dried  for  two 
hours  in  a  vacuum  desiccator  under  the  vacuum  provide  by 
a  good  oil  pump.  N-tosyl-L-phenylalaninyl  chloride  (4.8  g.  , 
m.p.  128  -  129°  decomp.  Literature  M.P.  128  -  129°)  was 
obtained  in  88%  yield. 

3 .  L-l-Tosylamido-2-Phenylethyl  Diazomethyl  Ketone: 

C6H5 »CH2-CH(NHS02C7H7) .CO-CHN2  (104,  227) 

N-Tosyl-L-phenylalaninyl  chloride  (3.5  g. ,  11  mmoles) 
was  suspended  in  100  ml  of  ether  and  chilled  in  an  ice-bath. 

A  cold  ethereal  solution  of  diazormie thane  (19.3  mmoles  standard¬ 
ized  by  titration  (196)  )  was  added  slowly  to  the  stirred 
suspension.  The  slightly  yellow  solution  was  allowed  to 
come  to  room  temperature  upon  standing  overnight  and  was 
briefly  refluxed  for  15  minutes.  It  was  important  that  a 
molar  excess  of  diazomethane,  no  greater  than  2/1,  be  present, 
since  at  higher  concentrations,  N-methylation  of  the  acidic 
hydrogen  on  the  tosylamido  group  will  occur.  The  order  of 
the  addition  of  the  reagent  (diazomethane  added  to  the  chloride) 
largely  prevented  N-methylation  and  promoted  the  synthesis 
of  the  chloromethyl  ketone.  The  solution  containing  diazo¬ 
methane  and  a  mixture  of  the  diazomethyl  and  chloromethyl 
ketones  was  used  for  the  final  step  of  the  synthesis. 

4 .  L-l-Tosylamido-2-Phenylethyl  Chloromethyl  Ketone 

(L-TPCK) 

c6h5oCh2*ch(nhso2c7h7) .co.ch2ci 

Anhydrous  hydrogen  chloride  gas  (Matheson  of  Canada 
Ltd. ,  Whitby,  Ontario)  was  bubbled  through  the  ethereal 
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solution  present  after  step  3  for  one  hour.  The  ether  was 
evaporated  and  recrysta]lization  of  the  residue  from  ethanol 
(95%)  gave  colorless  crystals  of  L-TPCK  (2.4  g.,  m.p.  99-101) 
in  69%  yield.  (Literature:  102  -  103°  (104)  ). 

Analyses  calculated  for  C^^H^gClNO^S :  C,  58.03;  H, 

5.16;  Cl,  10.08;  N,  3.98;  0,  13.64;  S,  9.12.  *Found:  C, 

60.68;  H,  5.55;  Cl,  4.63;  N,  3.98;  0,  15.72;  S,  9.46.  The 
observed  discrepancies  in  the  elemental  analyses  were  traced 
to  the  presence  of  a  hydroxymethyl  ketone  by-product  (C^H^* 
CH2-CH(NHS02C?H7) *C0*CH20H)  in  the  L-TPCK  preparation.  The 
synthesis  presented  is  the  corrected  version  and  omits  a 
detrimental  sodium  bicarbonate  (10%)  washing  of  the  HC1- 
ethereal  solution  of  L-TPCK.  This  washing  undoubtedly  led 
to  the  undesirable  side  reactions.  In  all  subsequent  syntheses 
of  other  chloromethyl  ketones,  bicarbonate  washings  were 
avoided. 

Synthesis  of  D-l-Tosylamido-2-Phenylethyl 

Chloromethyl  Ketone  (D-TPCK) 

The  synthesis  of  D-TPCK  was  performed  in  a  manner 
analogous  to  that  for  the  L-isomer  as  reported  by  Schoe liman 
et  al.  (104) .  N-tosyl-D-phenylalanine ,  formed  from  D-pheny- 
lalanine  (Sigma  Chemical  Lot  P38-53)  and  tosyl  chloride  had 
a  melting  point  of  164  -  165°.  A  mixed  melting  point  of 
D-  and  L-N-tosyl-phenylalanine  was  found  to  be  139  -  141°. 
(Literature: 134  -  135°).  N-tosyl-D-phenylalaninyl  chloride, 
synthesized  according  to  Popenoe  and  du  Vigneaud  (224)  was 
found  to  have  a  melting  point  of  129  -  130°  (decomp.) 

* 

Elemental  analyses  were  performed  by  Dr.  C.  Daessle, 

Organic  Microanalyses,  5757  Decelles  Ave.,  Montreal,  Quebec. 


noi*esHs*«^w  bnfi  bv3Bi oqsve 


. 


i<  v  >  ■  '  •  ; 

- 


i  •  8  /  "  *  -  ' J-  d 


:i *1  e i  amc  ^  r  -J  9/i  i  so", 


t  b  :jo3  *<ufcncJ:r>r\  .g  •*•-.  \-3o^  l-v  *>n. 


-170- 


D-TPCK  was  crystalized  from  ethanol  (95%)  and  gave  colorless 
crystals  with  a  melting  point  of  104-105°  in  65%  yield. 
Analyses  calculated  for  C^^H^gClNO^S :  C,  58.03;  H,  5J6;  Cl, 
10.08;  N,  3.98;  0,  13.64;  S,  9.12.  Found:  C,  58.28;  H,  5.16; 
Cl,  10.35;  N,  3.77;  0,  13.41;  S,  9.30. 

Synthesis  of  L-l-N-Tosyl-N-Methvlamido-2- 

Phenylethyl  Chloromethyl  Ketone 

(N-Methyl-L-TPCK) 

c6h5*ch2oCh [nh(ch3) so2c7h7] .co-ch2ci 

The  synthesis  of  N-methyl-L-TPCK  was  performed 
according  to  the  method  of  Schoe liman  et  aJL.  (104)  .  A  molar 
ratio  of  CH2N2/R-C0C1  of  9  to  1  was  employed  in  order  to 
cause  N-methylation  of  the  acidic  hydrogen  of  the  tosylamido 
group  in  addition  to  the  formation  of  the  diazomethyl  ketone 
(226) .  Recrystalization  of  the  product  from  ethanol  (95%) 
gave  crystals  of  melting  point  105  -  107°,  in  70%  yield 
(Literature:  104  -  106°  (104)  ).  Analyses  calculated  for 

C18H20C1NO3S:  C'  59*09;  H'  5-51?  c1'  9.69;  N,  3.83;  Found: 

C,  60.12;  H,  4.94;  Cl,  9.82;  N,  3.46. 

Synthesis  of  Phenoxymethyl  Chloromethyl  Ketone 

(PMCK) 

C^H  •  0 * CHo0 CO  0CHoCl 
6  5  2  2 

Phenoxyacetyl  chloride  (6.8  g. ,  39  mmoles,  Eastman 
Organic  Chemicals)  was  placed  in  a  liter  flask  and  immersed 
in  an  ice-bath.  A  cold  ethereal  solution  of  diazomethane 
(50  mmoles)  was  slowly  added  (10  minutes)  in  order  to  control 
the  evolution  of  nitrogen  gas.  The  stoppered  flask  was 
allowed  to  stand  overnight  in  the  fume  hood.  If  the  phenoxy¬ 
methyl  diazomethyl  ketone  is  desired,  then  the  phenoxyacetyl 
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chloride  should  be  added  in  a  drop-wise  manner  to  an  excess 
of  diazomethane. 

R-C0C1  +  CH2N2  - ►  R-CO-CHN2  +  HC1 

excess  Di azomethyl  Ketone 

HCl  +  ch2N2  - ►  CH3C1  +  n2 

R.CO*CHN2  +  HCl  - ►  Nil 

Anhydrous  hydrogen  chloride  gas  was  bubbled  through  the 
solution  until  the  yellow-color  had  disappeared.  The  dis¬ 
appearance  of  color  indicated  the  destruction  of  the  diazo 
groups  by  HCl  gas.  After  removing  the  solvent,  the  residue 
was  dissolved  in  400  mis  of  hot  petroleum  ether  (Fisher 
Certified  Reagent,  boiling  range  35.5°  to  53.7°).  Rapidly 
cooling  the  solution  in  a  dry-ice  -  acetone  bath  accompanied 
by  vigorous  scratching  of  the  container  walls,  caused  the 
precipitation  of  crystals  which  were  collected  on  a  Buchner 
funnel.  Drying  the  product  under  vacuum  gave  4.5  g  of 
colorless  crystals  (m.p.  33  -  34°)  in  66%  yield.  PMCK  was 
stored  at  -20°C  until  required.  Analyses  calculated  for 
C9H9C102:  C,  58.55;  H,  4.91;  Cl,  19.21;  0,  17,33.  Found:  C, 
58.29;  H,  4.83;  Cl,  19.49;  0,  17.51. 

Synthesis  of  g-Phenylethyl  Chloromethyl  Ketone 

( (3PECK) 

c6h5*  ch2ch2- co»ch2ci 

An  ethereal  solution  of  diazomethane  (70  mmoles)  was 
slowly  added  to  hydrocinnamoyl  chloride  (6.74  g.,  40  mmoles, 
Eastman  Organic  Chemicals)  in  a  liter  flask  chilled  in  an 
ice-bath.  Following  the  evolution  of  nitrogen  gas  the 
solution  was  stoppered  and  allowed  to  come  to  room  temperature 
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overnight.  Anhydrous  hydrogen  chloride  gas  was  bubbled 
through  the  solution  until  it  became  colorless  (20  minutes) . 
Evaporation  of  the  solvent  and  crystallization  from  60% 
ethanol  gave  4.2  g  of  colorless  crystals  (m.p.  40  -  41°; 
Literature:  39  -  40°  (225)  )  in  57%  yield.  (3PECK  was 
stored  at  3°  until  required. 

Analyses  calculated  for  C^qH^CIO:  C,  65.76;  H,  6.07; 
Cl,  19.41;  0,  8.76.  Found:  C,  65.90;  H,  5.96;  Cl,  19.14; 

0,  9.06. 

Synthesis  of  Benzyl  Chloromethyl  Ketone  ( BCK) 

C6H5» CH2« C0»CH2C1  (225) 

To  phenylacetyl  chloride  (4.65  g.  30  mmoles,  Eastman 
Organic  Chemicals)  in  a  liter  flask  at  0°  was  slowly  added 
a  cold  ethereal  solution  of  diazomethane  (60  mmoles) . 
Following  the  rapid  evolution  of  nitrogen,  the  flask  was 
stoppered  and  the  reaction  was  allowed  to  proceed  overnight 
at  room  temperature.  Anhydrous  hydrogen  chloride  gas  was 
bubbled  through  the  yellow  solution  until  the  color  dis¬ 
appeared  (20  minutes) .  Subsequent  to  removal  of  the  solvent, 
the  residue  was  crystalized  from  400  ml  of  hot  petroleum 
ether  by  cooling  in  a  dry-ice  acetone  bath  accompanied  by 
vigorous  scratching  of  the  container  walls.  Benzyl  chloro¬ 
methyl  ketone  was  collected  on  a  cold  Buchner  funnel  (-10°) 
and  stored  at  -20°  until  required.  The  product  (3.1  g. , 
m.p.  15  -  16°)  was  obtained  in  61%  yield.  Analyses  calculat¬ 
ed  for  CgHgCIO:  C,  64.11;  H,  5.38;  Cl,  21.03;  Found: 

C,  64.  28;  H,  5.32;  Cl,  21.62. 
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Synthesis  of  Anisoyl  Chloromethyl  Ketone  (ACK) 

CH30-C6H4.C0.CH2C1  (197) 

1.  Preparation  of  anisoyl  diazomethyl  ketone 

CHo0.CcH. • CO*  CHN0 
3  6  4  2 

Anisoyl  chloride  (6.85  g. ,  40  mmoles,  Eastman  Organic 
Chemicals)  was  added  dropwise  to  a  cold  ethereal  solution  of 
diazomethane  (137  mmoles)  and  the  reaction  was  allowed  to 
go  to  completion  upon  standing  overnight  at  room  temperature. 
Removal  of  the  ether  by  distillation  and  recrystalizing  the 
residue  from  benzene-petroleum  ether  led  to  the  recovery  of 
anisoyl  diazomethyl  ketone  as  yellow  crystals  (4.45  g,  m.p. 
89-90°  decomp.  Literature:  90  -  91°  (197)  )  in  65%  yield. 

2 .  Preparation  of  anisoyl  chloromethyl  ketone. 

Dry  hydrogen  chloride  gas  was  bubbled  through  an 

ethereal  solution  of  anisoyl  diazomethyl  ketone  (1.5  g)  for 
30  minutes.  The  residue  remaining  after  the  solvent  was 
removed  was  recrystalized  from  ethanol  (95%)  and  gave  color¬ 
less  crystals  (0.93  g.,  m.p.  98  -  100°)  in  62%  yield. 

Analyses  calculated  for  CgHgClC^:  C,  58.55;  H,  4.91;  Cl,  19.21. 
Found:  C,  58.38;  H,  4.72;  Cl.  19.48. 

oC-Ch  loro  acetophenone  (CA) 

CrHc  *C0»CHoCl 
6  5  2 

This  reagent  was  purchased  from  Eastman  Organic 
Chemicals  and  was  used  without  further  purification. 

Preparation  of  Alcohol-Free  Ethereal  Solutions 

of  Diazomethane  (Cf^^)  (191-193,  226,  227) 

"Carbitol"  (diethyleneglycol  monethyl  ether.  Union 
Carbide  Chemical  Co.)  or  2- (2-ethoxyethoxy) -ethanol  (Eastman 
Orangic  Chemicals)  (35  ml)  and  ether  (10  ml)  were  added  to 
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a  solution  of  potassium  hydroxide  (6  g.)  in  water  (100  ml). 

The  alkali  solution  was  contained  in  a  300  ml  three-necked, 
round-bottom  flask  fitted  with  a  dropping- funnel  and  an 
efficient  condenser  set  downward  for  distillation.  The 
condenser  was  connected  to  two  receiving  flasks  in  series 
containing  20  and  35  ml  of  ether,  respectively. 

Potassium  hydroxide  pellets  were  introduced  into 
both  flasks  to  act  as  drying  agents.  The  inlet  tube  of  the 
receivers  dipped  below  the  surface  of  the  ether  and  the 
flasks  were  cooled  in  an  ice-bath.  The  distilling  flask  was 
heated  in  a  water-bath  at  70°.  As  the  distillation  of  the 
ether  commenced,  a  solution  of  21.5  g.  of  "Diazald"  (N-methyl- 
N-nitroso-p-toluenesulfonamide ,  (191)  Aldrich  Chemical  Company) 

in  150  ml  of  ether  was  added  through  the  dropping  funnel 
over  a  20  minute  period. 

The  rate  of  distillation  was  about  equal  to  the  rate 
of  addition,  the  flask  being  shaken  occasionally.  When  the 
dropping  funnel  was  empty,  another  20  ml  of  ether  was  slowly 
added  and  the  distillation  was  continued  until  the  distilling 
ether  was  colorless.  The  pooled  yellow  ethereal  solution 
from  the  receiving  flask  contained  about  3  g.  ( '-'-/  70  mmoles) 
of  diazomethane.  Prior  to  use,  the  cold  diazomethane  solution 
was  dried  over  potassium  hydroxide  pellets  for  at  least  two 
hours  and  was  titrated  in  the  manner  described  below. 

It  should  be  noted  that  diazomethane  is  a  highly  toxic 
yellow  gas  and  certain  precautions  should  be  taken  during  its 
preparation  and  use.  All  manipulations  should  be  conducted 
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in  a  fume  hood  equipped  with  an  efficient  exhaust  system. 
Cooled  dilute  ethereal  solutions  are  "relatively"  safe  to 
handle.  The  use  of  ground  glass  apparatus  is  not  recommended, 
but  if  it  is  employed,  care  should  be  taken  that  all  surfaces 
are  coated  with  vacuum  grease  (Dow-Corning  high  vacuum) . 

The  use  of  a  glass  stirrer  within  a  glass  sleeve,  where  the 
grinding  action  could  produce  glass  dust  and  a  rough  surface, 
is  to  be  strictly  avoided.  In  an  emergency,  decomposition 
of  diazomethane  may  be  rapidly  effected  with  hydrochloric 
acid. 

Titration  of  Ethereal  Solutions  of  Diazomethane 

(196) 

An  aliquot  (5  ml)  of  the  cold,  dry  diazomethane 
solution  was  allowed  to  react  with  an  accurately  weighed 
amount  of  benzoic  acid  (  300  mg)  in  ether  (50  ml) .  The 

transformation  of  a  portion  of  the  benzoic  acid  to  methyl 
benzoate  occured  rapidly  as  witnessed  by  the  disappearance 
of  the  yellow  color  and  the  evolution  of  nitrogen  gas.  The 
solution  was  diluted  with  about  10  ml  of  water  and  the  benzoic 
acid  remaining  was  titrated  with  0.2  M  NaOH  using  phenol- 
phthalein  as  an  indicator.  Subtracting  the  mmoles  of  benzoic 
acid  titrated  from  the  amount  of  benzoic  acid  originally 
present  yielded  the  number  of  mmoles  of  diazomethane  in  the 
aliquot.  Suitable  volumes  of  the  ethereal  diazomethane 
were  then  used  to  give  the  desired  molar  ratio  with  the 
various  acyl  chlorides  employed  in  the  syntheses. 

Synthesis  of  S- (ft-Aminoethyl) -L-Cysteine 

The  synthesis  of  S-  (£3- ami  no  ethyl)  -L-cysteine 
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(I^N*  CH^ • CH2 0 S • CH2 • CH (NH2 )  COOH)  was  performed  according 
to  the  method  of  Cavallini  e_t  al.  (200)  ,  but  with  the 
following  modifications:  L-cysteine  hydrochloride  (5  g)  was 
dissolved  in  10  ml  of  water  through  which  nitrogen  had  been 
bubbled  for  15  minutes.  An  aqueous  solution  of  KOH  (35%), 
bubbled  with  nitrogen,  was  added  followed  by  the  addition 
of  1.8  ml  (1.5  g)  of  ethylenimine  (molar  ratio  ethylenimine/ 
-SH  equals  1.1/1).  The  reaction  was  allowed  to  proceed  for 
15  minutes  under  ^  at  25°  and  the  solution  was  neutralized 
with  concentrated  HC1.  Ethanol  was  not  required  since  the 
sue  of  ethylenimine  did  not  introduce  bromide  ions  as  did 
bromoethylamine  •  HBr  utilized  by  Cavallini  et  _al.  (200) . 
Subsequent  purification  and  crystalization  were  adopted  as 
presented  by  these  workers  (200) . 

The  product  (3.7  g)  was  isolated  in  50%  yield  and 
possessed  a  melting  point  of  195  -  196°  (Literature  192  - 
192.5  (200)  ). 

Calculated:  C,  29.93;  H,  6.47;  N,  13.96;  S,  15.97 

Found:  C,  30.24;  H,  6.93;  N,  14.09;  S,  16.58 

In  preparation  for  the  determination  of  the  integra¬ 
tion  constant  (C)  ,  a  portion  of  S-  ((3- ami  noethyl) -L-cysteine 
was  dried  to  constant  weight  at  100°  under  the  vacuum 
provided  by  a  good  oil  pump.  Aliquots  of  an  accurately 
prepared  stock  solution  were  analysed  on  the  20  cm  basic 
column  of  the  Beckman  120  B  amino  acid  analyzer  equipped 
with  the  accelerated  system  of  Spackman  et  _al.  (239)  .  Under 
these  conditions  AE-cysteine  was  eluted  in  the  120  minute 


-dVI 


no  .(  *«  ^  oi  *  ^oaaib 


noli  bbs  aKt  Yd  bowoiXoY  bsbb*  «*w  .nspcrcXXn  riixw  bol  oc, 

Nertloin^j®  oii**  Ml*)  *n±*ln*iY<««  *©  («  «.«  '«  ‘ 
ur  ,  |  ,  .,o,  i  o,  bn*»XX.  ««  «oi^.W  sUT  .(XV. I  H8- 

»MiI«*r«a  **w  n  -iiuio*  *di  bn*  °52  M  s*  **«  s^nnlm  21 


.(DOS)  .ir,  2,  ni  Xi*viO  Yd  bssHUu  *H  •  •"*  *X*tt*o«<«d 

3<  be^obn^.  ,o*«ii.w>  *»  «ci.i*om^q  ?««**** 

(002)  exejticow  os  rfr  Yd  be  neeatq 


-  201  «u  a*eiW)  °aex  -  26X  io  Snioq  pniii  -  *  E>*  •?•** 


'ft  .21  .2  ;96  6X  ,«  ;"Kd  ,H  ;Ce.22  ,0  ..b«t*X«B»l*0 


bsqqit/p*  **SYl*n*  bio*  8  osx  «*"*>* ;  9ri”  io  ariU:" 

..  m  —  X  1.  C.  MM  AC  9rt"  ' 


-177- 


position  whereas  lysine  and  histidine  were  eluted  in  the 

110  minute  and  133  minute  position,  respectively.  Through 

use  of  the  equation  - 

l_imo le s  =  height  x  width  of  the  peak 
integration  constant  (C) 

an  integration  constant  of  46.6  was  determined  from  the 
average  of  five  analyses. 

Hydrolysing  aliquots  of  a  stock  solution  of  AE- 
cysteine  (110°,  6N  HC1)  in  a  sealed  evacuated  tube  at 
various  intervals  over  72  hours  and  analysing  the  hydro¬ 
lysate  as  before,  lead  to  complete  recovery  of  AE-cysteine. 
The  stability  of  AE-cysteine  to  HC1  at  110°  has  also  been 
demonstrated  in  the  presence  of  a  protein  hydrolysate. 


